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FOREWORD
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ABSTRACT

This Final Report summarizes the work performed in accordance

with contract AF 33(616)-6730. The purpose of this study was to
develop a better understanding of the physical, chemical and
mechanical relationships involved in developing realistic parameters
for specification purposes for the application of oxygen to missiles.
The significant sources and degree of contamination are supplied as

a background survey and the current specifications for liquid oxygen
and ground support equipment are discussed. Recommendations for
liquid oxygen specifications and for equipment operation are presented.
Sources and mechanisms for ignition of Liquid Oxygen systems, factors
related to solid contaminants, cleaning and purification of oxygen equip-
ment and handling systems have been included. Also as part of this
contract, the contractor developed safety standards for use in high
pressure oxygen and helium gases for later incorporation in the Liquid
Propellant Safety Manual published by the Liquid Propellant Information
Agency. As part of this program, a three-month analytical survey was
made at Cape Canaveral and summarized herein,

A bibliography and Appendixes are attached.
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I. INTRODUCTION

Over the past several years, several groups and agencies associated
with rocket propulsion have been concerned with the quality of liquid
oxygen required to insure reliable performance. The work of these
groups has resulted in several sets of reccmmendations and specifi-
cations, each of which reflects the opinions and viewpuints associated
with the group's specific problems. This present program was esta-
blished to provide assistance in resolving the different viewpoints and
to present current information and guidance to users of liquid oxygen
and designers of liquid oxygen handling systems.

In July 1959, Air Products and Chemicals, Inc. was awarded a study
contract to investigate the significance of contaminants of liquid oxygen,
the sources and degree of contamination, and on the basis of these
findings, to establish design criteria and recommended procurement and
use limit specifications for the missile liquid oxygen. This study in-
volved a background survey intended to identify the various soluble and
insoluble contaminants which are found in liquid oxygen, and their com-
patibility with liquid oxygen and with each other under the environments
which are encountered in liquid oxygen systems.

Sources of contamination and factors relating to prevention of occurrence,
solubility of cach contaminant in oxygen, lower explosive limits for
flammable contaminants, and general important physical and useful con-
stanls of oxygen in all contaminants as related to each other were to be
investigated. These data were to be correlated and used Lo determine
practicable tolerable limits for production and use limits for missile
oxygen. Inasmuch as it was recognized that the problems of sampling
and analyzing for impurities in liquid oxygen are difficult and that the
utilization of realistic specifications for liquid oxygen require the
selection of both sampling methods and analytical techniques suitable to
fulfill the requirements, a study of methods of detection and analysis was
included in the agenda. It involved a review of sampling procedures and
devices, laboratory and field analytical procedures, and equipment.
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Phase IT of the program involved a review of the hardware and pro-
duction system design concepts and the recommendation of factors
relating to these concepts which will reduce or minimize contamination
and facilitate the inspection and cleaning and increase operational study.

Phase III requested recommendation of definitive specifications of
procurement storage or load limits or end use limits for missile
liquid oxygen, including such quality control procedures as are
necessary.

In May 1960 this program was expanded to cover an investigation of

the sources and mechanisms for ignition of contaminated missile liquid
oxygen. This included such experimental programs as were deemed
necessary to verify existing data in this field. Such variables as rates
of charge buildup, system geometry and dynamics of the phenomenon

of static electricity in liquid oxygen systems were to be covered. Other
possible sources and mechanisms for ignition such as were considered
of importance were to be added. By this time, the peculiarities of the
solid carbon dioxide, liquid hydrogen system has been noted, the
possible effects of the existence of solid carbon dioxide in the missile
fuel oxidant had been considered and a request for determination of

the factors relating to solid contaminants, particularly solid carbon
dioxide, were requested. This involved determination of the factors
relating to the agglomeration of small erystals or particles of insoluble
contaminants such as carbon dioxide and the heavier hydrocarbons,
determination of their effect on oxygen systems, and recommendation
of limits for operating conditions. Recommendations for proper opera-
tional conditions to reduce or eliminate the solid contaminants were
also to be provided. This involved a thorough investigation to determine
the relative merits of the different types of filters for removing solid
material from liquid oxygen. Specific filters were to be recommended
and if commercially available equipment was not suitable, design criteria

were to be developed,

As a normal outcome of the work done to this pomnt, Phase VI of the
expanded program requested development of uniform cleanliness
standards for oxygen equipment. Specifically declared beyond the
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scope of this contract was the development of cleaning agents, equip-
ment, and techniques. However, development and recommendation of
suitable means of inspection and surveillance of liquid oxygen systems
to assure proper cleanliness was required as was a study of methods

of removing contamination from Hquid oxygen at the storage site and
the recommendation of the use of such techniques to reduce the disposal
of contaminated oxygen and reduce the need for stringent cleaning
requirements of oxygen systems,

In the study of the design concepts under Phase I of the original
program, it became obvious that the liquid propellant safety manual
did not provide safe handling instructions for the high pressure gases
used in the ground support systems, therefore Phase VII of this pro-
gram involved the production of three chapters for the Liquid Propel-
lant Safety Manual covering safe handling procedures for high pressure
gaseous oxygen, nitvogen, and helium.

As this study program progressed further it became obvious that there
would be considerable advantage in having available data developed by

an on-site sampling program which might be conducted at Cape Caraveral
or Vandenberg.  Supplemental Agreement No. 2 to the contract was then
evolved and during January, February. and March of 1961 a continuous
sampling and analyzing program was carried out with the sampling done
using the Air Products sampler al Cape Canaveral and using the newly
developed Multi-Contaminant Analyzer at the Research and Development
Center af Emmaus, Pennsylvania for the analytical phase.

A Summary Progress Report was issued in July 1960 covering the first
year's work. This [inal report includes that information and also the
work done since July 1960 on the first and sccond supplementary agree-
ments attached to the contract. Recommendations for additional work
which should be performed are also included.

L2
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[I. DISCUSSION

This study was not aimed specifically at the unaersianding of the
reasons for operational malfunctions.  Rather, by logical evaiuation
of the potential role of contaminants, it was the intent to develop
rational criteria for determining realistic limits for these contami-
nants in liquid oxygen as produced at the air plant, as delivered to
the propellant-loading-system storage, after storage for various
periods of time, and for reuse.

SIGNIFICANCE OF CONTAMINANTS

Types of Contaminants

Three types of contaminants were of concern in this program:

(a) combustible contaminants, solid or dissolved, which may constitute
a fire or explosion hazard to both general safety and equipment;

(b) solid inert contaminants which may contribute to mechanical mal-
functioning of the propellant loading system or the rocket engine;

(c) dissolved inert contaminants which may affect the rocket thrust

or, under certain circumstances, might interfere with engine ignition,

Combustible Contaminants

Combustible contaminants are considered to be compounds which will
react with oxygen upon suitable ignition, producing sufficient heat of
reaction to raise the temperature of the reaction products to the

ignition temperature. Typical combustible contaminants are methane,
acetylene, and butane. Ina few cases, natably acetylene and ozone,

the heat of decomposition of the compounds themselves is sufficient to
raise the temperature of the decomposition products to this temperature.
This phenomenon will be discussed briefly in a following sub-section on

"Initiation',

The hazards of combustible contaminants are obvious and of great
importance. Considerable injury and damage from fires and explosions
have resulted [rom the reaction of conmibustible contaminants in liquid
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oxygen systems. Although emphasis in the following discussions may
be placed on particular combustibles such as methane or acetylene,
the statements made will generally apply to all combustibles.

Dissolved Combustibles‘

In order to support ignition in liquid oxygen, dissolved combustibles
such as methane, must be present in concentrations sufficiently

high that the heat of reaction raises not only the reaction products
but also the excess liquid oxygen-to the ignition temperature. Thus,
a limiting concentration called the "lower explosive limit" or "lower
flammability limit" (LFL) is associated with the presence of insuf-
ficient fuel. Any concentration of combustible at or above this limit
is flammable and, therefore, extremely dangerous and must be
avoided. It should be pointed out that the LFL is affected by the
external factors such as pressure, temperature, and type of ignition.

The LFL of a mixture of combustibles is a function of both the con-
centration and the LFL of each combustible in the mixture (21).

The contribution of each combustible to the flammability of a mixture
of combustibles may be deducted from the following approximate
cquation;

E_l \ 22 foeey S0 Z Ct o Om (1)

1 9 n g IJm

where
Ci ~Ct1. C9, ---- Cp ~ concentration of individual combustibles
Lij - L. Lo, ---- Ly - LFL of individual combustibles
Cm total concentration of all combustibles
Lm LFL of mixture

It 9“.] 2 1, the mixture is equal to or exceeds the 1.FL,

Da |
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This equation illustrates the principle of "additive contamination"
which is discussed below, “"Degree of Contamination”,  (Sce also
Appendix A.) Although it was estabiished for gaseous mixtures,

it also applies to liguid solutions, even al liquid oxygen temperature.

§_Ql_i_d Combustibles

If the solubility lmit of a contaominant in liguid oxygen is below the
lower flammabilite Tomil, the Tigeid phase will not support combustion.
Howcever, il the contaminant is present in quantities greater than

the solubility Limit, o flammable hazard does exist due to the re-
sulting fuel-oxvgen sturey.  Kven the smallest orain ol combustible
solid in liquid oxygen has the poteatial of continued burning upon
suitable igniticn, and the concept of flammability Iimit, based on
average concentrations, does not strictly apply.  Although one small
particle might not be dangerous watself, a cotlection of such particles
in liquid oxygen could be serious, since ienition may propagate from
particle to particle. The hazard of solid combustibles can be avoided
by preventing either the formation ov accumulalion of solid particles.

Acetylene historicaily has been tie most important solid combustible
contaminant and should receive spectal attention among all of the
combustibles for severad roasons  First, it is quite insoluble in
liquid oxygen: second, i mayv show ap in the wir plant feed stream at
concentrations ibove the altimate sotubility timit: and third, it is
readily tricgceved into ienition. Altheueh other solid combustibles may
appear on oceasion, e residua! solvents, the control of such
materials depends on proper cleaaing and mspection procedures.

Solid Inert Conta mitants

Solid inert contannnants are considered to be small particles or fibrous
icond anreactive with liquid oxygen.
These contaminaint ~ 0 hvded e two categories: insoluble material,
such as rust amd micia! fravment L ooved from the equipment; and
slightly soluble contaminants, particularly carbon dioxide and water,
which are assoctted with the prodoction and handling ol liquid oxygen.

materials, essentialiy m=oiubhh

There are several hazivdons charaictersties of sobid inert contaminants

whirh shouid b TITRE
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First, and most important, solid inert contaminants may interfere
with the mechanical operation of the system. Mechanical inter-
ference by solid contaminants is one of the most common causes of
malfunctions in a LOX-handling system. These contaminants may
cause the plugging of filters, lines, injectors, etc.; they may cause
binding of mechanical movements by intruding into regions of small
clearance; they may prevent valves from seating or flanges from

sealing.

Second, the solid particles moving with the {luid stream may cause
erosion within the fluid passages. Erosion produced by the abrasive
action of the solid particles will usually be relatively minor, but in
certain critical places where high velocities occur, such as at
turbine blades, the solids can create considerable damage.

Third, the solid particles may accumulate static charges of electricity,
which may discharge within the fluid. The accumulation of static
charge will not cause damage by itself, but it is conceivable that a
spark discharge originating from the static charge could initiate the
reactior of combustible materials.

Dissolved Inert Contaminants

Dissolved inert contaminants are consideraed to be materials, such
as nitrogen or argon, which are unreactive and quite scluble in

liquid oxygen.

Nitrogen and argon are the principal dissolved inert contaminants in
liquid oxygen. These contaminants are significant only to the degree
that they serve as diluents for the liquid oxygen. Since missiles using
liquid oxygen as the oxidant generally operate on the fuel-rich side,
dilution of the oxygen will accordingly reduce thrust and the ultimate -
range or payload. A discussion of the effect on rocket range by the
dilution of liquid oxygen with nitrogen can be found in a recent report
(30). Argon will have a slightly greater effect than nitrogen on the
specific impulse because of argon's higher molecular weight.
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Initiation

At the low temperature of liquid oxygen, chemical reaction rates are
extremely slow. Even though a potential heat of reaction may be very
high, spontaneous reaction rates are generally o slow that normal

heat transfer mechanisms are sufficient to remove the small quantities
of heat produced. However, the sudden addition of external energy to

a local region can raise the local temperature and the reaction rate,
resulting in a chain reaction when the heat released is greater than

the heat absorbed by the surroundings. Such a reaction could easily
become explosive, Initiation of a runaway reaction can be accomplished
in a variety of ways, the more common including: )

a. Mechanical energy introduced in the form of friction or impact.

b. Electrical encrgy introduced by spark discharge or resistance
heating.

c. External heat introduced by convection, conduction or radiation,

Tt

d. Catalysts.

In some cases, the initiating methods cannot supply sufficient energy
to complete the ignition process. However, if additional chemical
energy is available from an ecasily-triggered source, such energy can
act as a booster charge, causing the ignition to continue. Acelylene,
ozone, and several other materials which may contaminate liquid
oxygen have sufficient stored energy to act in this fashion. Further
discussion of this point is presented in Appendix A,

SOURCES OF CONTAMINATION
For purposes of illustration, Figure 1 is a simplified flow diagram of a
typical Tiquid oxygen supply system from the air separation plant to the
missile tank, A liquid oxygen supply system offers several opportunities
for contamination. The major sources of contamination consist of:
produced liquid oxygen: transfer operations; nitrogen pressurization,
The minor sources of contamination will include: wvent lines and relief
valves: residual contamination; equipment deterioration.

8
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Produced Liquid Oxygen

Liquid oxygen, as produced by the air separiation plant and received
by the plant storage tank, contains contaminants which have not been
completely removed by the process used for separating oxygen from
air. The ultimate source of most of this contamination is, of course,
the air feed to the separation plant, and the quantity and variety of
contaminants found in the liquid oxygen depend to a Lirge extent on
the effectivencess of their removal during the separation process.

Of the contaminants passed by the separation plant, the produced

liquid oxygen contains a portion of the acetylene, the light hydrocarbons
(less than C4), and other combustibles. A portion is removed in the
waste nitrogen, and the reminder accumulates in driers, heat ex-
changers, and adsorbers. However, the liquid oxygen as produced
must be considered as a major source for combustible contaminants,

In addition, liquid oxygen as produced may contain carbon dioxide in
varying amounts, and very small quantities of particulate matter from
the hydrocarbon adsorbers.

Transfer Operations

Whenever operations require the connection or disconnection of a
transfer line, the opportunity for introducing additional contamination
arises. Al the time of connection, atmospheric contamination or
dirt may be trapped in a section of the transfer line, to be carried _
into the system by the liquid. At the time of disconnection atmospheric
contamination may deposit inside the cold transfer equipment, ready
to enter the rest of the system during the next transler operation,
Field and laboratory experiments have shown that strong convective
currents are formed by the density difference between cold oxygen
vapors and warm ambient air.  As the cold, denser vapors flow out
of the Tow points of cold transfer equipment, the warm, less dense
air flows in at the high points, depositing motsture and other con-
densables in the form of frost.  This phenomenon occurs in a matter
of seconds in the case of a transfer line with cold vapors flowing from
the open end. It is suspeeted that much of the CO2 contamination
appearing in the oxygen fiquid at its final point of analysis has
entered via transfer opesitions,

10
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Nitrogen Pressurization

A third major source of contamination is the use of the nitrogen
pressurization technique to transfer liquid oxygen from one tank
to another. Tf it is assumed that only pure gascous nitrogen is
used for pressurizing, then the only contaminant introduced at
this point is nitrogen. ‘

V(-nt I,in('_;md RUIip_f Yz!lv_(‘s

Previously, it had been assumed that atmospheric contiamination
enfered liquid oxygen systems through open vent lines and reliefl
valves by a back-diffusion process. However, an experimental and
mathematical study conducted under the present contract has in-
dicated that contamination by back-diffusion is minor. This does
not mean that atmospherie contamination cannot enter through vent
lines: but only that there is no long-term persistent contamination,
The amount of contamination introduced through vent lines by
barometric pressure surges has not been established.

Residual Conlamination

Residual contamination in a liquid oxygen handling system may
consist of cutling oils, solvents, and metal chips and other
particles Teft from [abrication or cleaning operations,  With
strict adherence {o proper procedures, there should be very little
residuc.  However. mistakes and carelessness have resulted in
unpredictable contamination.

Fquipment Deterioration

As with any complex mechanical equipment, long-term deterioration
must be expected. Moving parts, such as valves and pumps, will
wear and contribute fo nurticulate contamination.  In liquid oxygen
systems, sources of such contamination will include: particles
[rom filters, attrition of solid adsorbents, and erosion of metal
parts by solids carried in the liquid oxygen stream.  Although the
quantities are small, these contaminants cannot be ignored.

11




77127 ﬁOﬂo/’ICﬁ and ﬂ(’”ﬂ}’(l&

(A

DEGREE OF CONTAMINATION

Change in Contaminant Concentration

Missile liquid oxygen is handled at a temperature (-297°F) close
to its boiling point, and the slight addition of heat will cause

the oxygen {o boil,  The extremely low temperature of liquid
oxygen means that heat will be supplied to it {rom the surrounding
almosphere and that it will be evaporating constantly.  Dissolved
contuminants with vapor pressures higher than oxygen, such as nitro-
gen, argon, and carbon monoxide, will vaporize more quickly than
the oxygen, while contaminants with vapor pressures lower than
oxygen, such as methane and acetylene, will vaporize less quickly
than oxygen.  Consequently, in a given amount of liquid oxygen,
contaminants with high vapor pressure will decrease and contami-
nants with low vapor pressure will increase in concentration with

: the passage of time or with additional handling operations.

In many cases, the design of equipment and the arrangement of piping
can magnify the problems of contamination either by encouraging
local accumulation of solids or by creating isolated regions where
locil concentrations of contaminants can increase without distur-
bance by the main liquid oxygen stream.  Usually, these conditions
can be traced to inadequate mixing or to "dead-ending'. Several
examples of situations leading to solids accumulation are shown

in the accompanying illustrations, Figures 2, 3, and 4. Figure 2
illustrates the type of small pockets which can act as traps for
suspended solids,  Figure 3 shows how a large quiel region can
encourage the aceumulation of solids. It is interesting to note

that accumulations of carbon dioxide have been found in 28,000
callon storage tanks which are in the proportions indicated in
Figure 3. An example of the type of equipment arrangement which
encourages the build-up of contamination is the liquid oxygen

cateh tank shown in Figure 4. In this case, liquid oxygen flows
intfo the tank, but only vapor leaves the tank, This automatically
leads to accumulation of less volatile contaminants.

12
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FIGURE 2 - EXAMPLES OF PIPING DETAILS RESULTING IN
CONTAMINANT CONCENTRATION BUILD-UP

13




4" VENT

——
&

___CONTAMINANT BUILD-UP

" _ FORM OF BULK

LIQUID SUPPLY

(a.) FLOW-PATTERN TENDENCY WITH PRESENT STORAGE TANK PIPING

14

) —

LIQUID SUPPLY INLET
REMOTE FROM MAIN-

FILL LINE
(b.) AN IMPROVED ARRANGEMENT

- FLOW LINES IN LIQUID OXYGEN LAUNCH-SITE STORAGE TANK

FIGURE 3




WILSAS DNIAVOT ANV HOVHOLS NADAXO dIN®IT FLIS-HONAVT IVOIGAL - § TuADIL

MNVYL 901 0210028nS S0\ Oddns 2N aIRBia 5
\% =—) NIDAXC anol 07
, 4ILT4 A b
I
| NCILOINNGD  Alddns —4—
.r....||.1 ||||||| =
—Filll&l,l IN3A A

I
=
. i !
i %W@ “ FATVA TIOMINOD %l
.W i 1 IATVA 43M3y —DR-
—= — Ew IATVA  IVANYIN —Da-
TOMINOD _ ANIT SYO — = ——
ONIddal N 3ANM QINdIN
ﬁli 1
|
I
qlﬂln_-ll ) i
Q2 | ONIZIENSS34d — €0 SNOo3SvYo
I
> |
. avol Alddns “on | e
= s [ [ s |
i i B ] ™
: e et S o<y ,
= aidvy 39YHOLS |
- l N32AX0 QNI
- | \
ﬂ ~ ) T

e B ey \
3USSIAN OL H
]

N392AX0 ANoIT




T S~ S ) P

At Phodicls and (Homicals

[

Combustible Contaminants

All of the common combustible contaminants, except carbon monoxide,
are less volatile than oxygen and consequently will increase in
concentration as the liquid oxygen is vaporized. Thus, a safe con-
centration of a dissolved contaminant at the beginning can reach
dangerous proportions by the time the oxygen is {o be used. This
means that the problem of controlling combustible contaminants

would become more severe as the liquid oxygen passes through the

supply system.

Of the potential combustible contaminants, the ones that are
currently considered on a routine basis for analysis and control
are the hydrocarbons and acetylene. Although other combustibles
may appear as a result of unusual circumstances, the quantities
are usually too small for routine detection. An analysis of the
degree of contamination by combustible materials may be based on
the following simplifications:

a.  The only combustibles of significance other than
acetylene are the hydrocarbons.

h. Acetylene is considered in a class by itself and notl
included in the hydrocarbons.

¢.  Hydrocarbon molecules with more than four carbon
aloms are reduced in the air separation plant to
insignificant concentrations.

d.  The {limmability limit is based on the total con-
centration of carbon atoms regardless of the type
of hydrocarbon,

16
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The principle of additive contamination, mentioned previously
under "Significance of Contaminants'', makes it possible to
relate the combustible contaminants. The various combustible
contaminants can be rated on the basis of their heats of com-
bustion, with methane used as a reference standard. In the

case of the hydrocarbons, which are assumed to be the only con-
taminants, the heat of combustion on a mole basis is roughly
dependent on the number of carbon atoms in the compound. Since
the flammability limit is a function of the overall heat of
combustion, this limit will depend on the type of hydrocarbon
supplying the carbon atoms. Consequently, all hydrocarbons can
be conveniently calculated as methane equivalents and added
together. Table I presents a list of analyses of liquid oxygen
obtained from a number of representative plants, showing total
hydrocarbons and acetylene. Total hydrocarbons are reported as
methane equivalents in ppm by mole. It can be seen from Table I
that, although total hydrocarbons are generally less than 50 ppm
and acetylene is generally less than 0. 25 ppm, in some cases
concentrations may run somewhat higher depending upon local
conditions. Table II presents in more detail some of the analyses
shown in Table I. As can be seen, methane is the major com-
bustible contaminant.

Although emphasis has been placed in this discussion on the flam-
mability limits of combustible contaminants, it is important

to note that specification limits are based on solubilities and

not on flammability limits. Since. it is not practical to identify

the specific combustible contaminants in solution, it is necessary
for reasons of safety to assume that the solubility of the "com-
bustible" hydrocarbons (excluding acetylene, hydrocarbons of more
than four carbon atoms, and non-hydrocarbon combustibles) is equal
to a solubility of the least soluble hydrocarbon (four carbons or
less). The least soluble "combustible' hydrocarbon is isobutylene
which has a solubility of 560 parts per million methane equivalent.

17
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TABLE I

OXYGEN CONTAMINANTS ANALYSES IN REPRESENTATIVE PLANTS*

Acetylene
Plant Hydrocarbons**  ppm (mole basis)  Carbon Dioxide

Liquid Oxygen Plants

A 12 to 18 <Qor5 3to6
B 4 to 35 <90.01 0.5to 1
C 21 to 27 <0.25 0.5to 4
D 15 to 25 <0.25 1510 30
E 24 to 26 < 0.25 21to 24

Gaseous Oxygen Plants (Liquid from Reboiler

I 1to 12 <0.01 -~
G 21 to 35 < 0.25 1to 2

H 10 to 30 < 0.05 --

I 20 to 131 -- 1,000 to 2,000
J 353 < 0.003 2

*

Based on information from private communications.
**  Ag methane equivalent,
k*%  Gaseous oxygen product.
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Insoluble or Slightly Soluble Inert Contaminants
Insoluble (pzu_‘ti_cgl;x_to_ 11_1:;1_(01‘)

The quantity of particulate matter resulting from equipment
deterioration or poor cleanliness standards cannot be pre-
dicted with accuracy. A number of examinations have been
nuide by investigators al different times with the desire

to clarify the pieture of particulate contamination.

Table IIT presents a summary of particle counts made from
liquid-oxygen samples taken at Patrick Air Force Base over

a period from July, 1957 through January 1960. These samples
provide an indication of the ranges of particle sizes and counts,
although unfortunately no information is available as to the
location of the sample taps.

One examination of a plant storage tank revealed particulate
matter in the form of dust accumulated at the bottom of the
tank. Subscquent analysis of this material showed that it
consisted principally of oxides of aluminum, iron, and silicon
with @ small amount of oil.  Additional limited inspection
showed little particulate matter in the storage vessels and
piping beyond the plant storage tank, From the analyses, it
appears that the dust resulted mainly from the hydrocarbon
adsorbers.  Although it is presumed that [ilters remove par-
ticulate matter down to particles less than 40 in diameter,
at least one investigation (24) has found particulate matter
targer than 200 in produced liquid oxygen,  Particulate
contamination should be small in the rest of the supply system
if proper materials of construction are used and proper handling
and ¢leaning procedures are followed.

Slightly Soluble Inert Contaminants
In this category, only carbon dioxide will be considered, sinee
it is almost always present and because measures taken to

reduce CO2 witl be generally successful in eliminaling the
neelicible quantities of other slightly soluble compounds.,

19
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TABLE 1II

CONCENTRATION OF DIFFERENT HYDROCARBONS

IN REPRESENTATIVE OXYGEN PLANTS

Hydrocarbons - ppm by mole as Methane Equivalent

Plant &

_Type _ Total* Methane C4 or less** Cp_or more

A - Liquid 12 to 18 10 to 15 -~ --

H - Gaseous 10 to 30 10 to 30 0 0

I - Gaseous 20 to 131 19 to 115 0.4to 15 0.06 to 4

J - Gaseous 353 110 243 Traces |

* Excluding acetylene

** Excluding methane

20
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TABLE I

PARTICULATE MATTER IN LIQUID OXYGEN*

Minimum and Maximum Particle Count for Micron Sizes**

Sample

Source 10-20 20-40 40-80 80
ABMA 480 - 6540 120 - 1860 120 - 1080 14 - 120
Complex 14 780 - 1740 290 - 300 26 - 180 8- 14
Convair 120 - 9780 53 - 1200 12 - 960 0 - 240
Douglas 720 - 17400 85 - 5640 0 - 1680 0 - 240
Martin 4020 - 15360 600 - 1140 240 - 540 24 - 36
PAA 220 - 9480 40 - 3060 0 - 780 0 - 100
Vanguard 660 - 11400 120 - 2580 60 - 480 6 -T2
Thor-Able 3360 1380 420 180
Patrick Plant 420 60 60 20

* Samples analyzed at Patrick Air Force Base during the period
July, 1957 through January, 1960.

** Sample size - 100 ml of liquid oxygen.
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The solubility of carbon dioxide in liquid oxygen (3, 9, 15)

is presented in Figure 5. It can be seen that, at the usual
storage and handling temperature (-297° F) of liquid oxygen,
the solubility of CO9 is about 4.5 ppm. As explained pre-
viously, any concentration of CO9 above the solubility limit
is undesirable, but analytical data show that such conditions
do exist in liquid oxygen supply systems. Limited field

data at launch and test sites (2, 23) show that stored liquid
oxygen contains COg2 in the range of 12 to 300 ppm. Carbon
dioxide is normally present in the air feed to oxygen plants

at concentrations of about 300 ppm. Although most of the
COg is removed in the separating process, the commercial
usc requirements and economics of liquid oxygen manufacture
do not require the complete removal of CGY. The figures
shown in Table I should not be taken as representative of the
range of possible CO2 contamination in produced liquid oxygen.
The lower concentrations indicated may be routinely obtained
through suttable plant operation. A further limitation on

the figures of Table T is placed by the difficulty of obtaining

a representative sample of suspended solids.

Il liquid oxygen contains COg9 digsolved to the saturation point,
slight changes in temperature or pressure may cause CO2 to
precipitate. Precipitation can be induced by a sharp decrease
in pressure, such as might occur it a valve or orifice, or
solid COg2 might appear by flash evaporation of the liquid
oxygen at o local hot-spot. A mathematical analysis of the
time required to dissolve COQ2 particles in liquid oxygen
showed that, once solid COg has precipitated out of solution,
it is difficult to redissolve the precipitate even though the
liquid oxygen may no longer be saturated witl: CO2.  The large
difference between the rate of precipitation and the rate of
re-solution can easily result in the build-up of solid CO9 in
quiescent regions.

Even if carbon dioxide is not present initially, cvery transfer
operation exposing cold internal parts to the atmosphere will
introduce CO2. The quantity of CO9 introduced with cach
transfer operation depends on the operator and on the procedures
followed.  To further aggravate the problem, the continuous
vaporization due to heat leak to stored liquid oxygen increases
the concentration of COy,
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Miscible Inert Contaminants

Nitrogen and argon are the only miscible contaminants of im-
portance. Since the only source of argon contamination is the
liquid oxygen produced in the liquid oxygen plant, no increase
in the argon contamination can occur after the oxygen enters
plant storage tanks. The initial concentration of argon in the
produced liquid oxygen is not permitted to rise above 5000 ppm
(0.5"), this quantity comprising the bulk of the contamination
existing in the liquid oxygen. Siace-argon is slightly more
volatile than oxygen, the argon concentration will decrease
slowly by preferential vaporization as the liquid oxygen passes
through the supply system, This decrease in concentration is
tllustrated in Figure 6 where it can be scen that the degree of
argon contamination changes only slightly thtoughout the lifetime
of the oxygen liquid.

The amount of nitrogen in liquid oxygen as recetved from an oxygen
plant is relatively low.  As is the case with argon, the nitrogen
content will also decrease by preferential vaporization, although
much more quickly.  The vaporization rates of the two contaminants
can be compared in Figure 6 where it can be seen that the change

in nitvogen concentration is much greater than the change in argon
concentration.

The major source of nitrogen contamination during transfer and storage
is the use of pasecous nitrogen pressurization to transfer liquid oxygen.
‘here has been some disagreement on the amount of contamination from
this source {29, 30}, but the experimental evidence shows that the re-
sulting contamination by nitrogen can be tolerated for most missions,

In addition to the references quoted, experimental work performed under
the present contract showed the slight degree of contamination by nitrogen
due to pressarization.

CURRENT SPECIFICATIONS FOR LIQUID OXYGEN AND EQUIPMIENT
Liguid Oxygen specifications
Liquid oxveen is procured for missile use according {o Military Specifi-

cation MIL-P-25508-C USAF, dated November 7, 1960. This specification

24
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requires that the purity of the liquid oxygen, when gasified, shall contain
not less than 99,5 percent oxygen by volume.  The remaining 0.5 percent
is mostly argon. The combustible and relatively insoluble impurities
contained in liquid nxyeen as produced and procured are limited to the
parts per million range, as dictated by process and safety considerations
in liquid oxygen manufacture.

These tentative procurement and use limits, presented in Table 1V, were
cstablished as a result of 4 series of conferences including rocket engine
manufacturers, military representatives, liquid oxygen producers, and
advisors (1, 8, 11 through 14, 28, 31),

Initially the total hydrocarbon procurement limit was set at 75 ppm by
weight as carbon, and the use limit at 225 ppm by weight as carbon, {o
permit a maximum of three-fold concentration of impurities. More
recently the procurement total hydrocarbon specification was reduced to
25 ppm by weight because liquid oxygen producers can, and are supplying
product of this quality. The use limit was not changed

These limits define concentration as parts per million on a weight hasis,
bul there has apparently v en some confusion as i result of the use of

this convention. A concentration of 225 ppm by weight, measured as
carbon, is equivalent to 600 ppm by mole measured as carbon  Liquid
oxyeen manufacturers consider 500 ppm by mole to be the maximum safe
lmit and will stop operations hefore this value is reache oo If the 225 ppm
is on the mole basis, the vaiue is entirely consistent with non-hazardous
operation.

It is believed that the total hydrocarnon concentration should be delined in
more explicit terms to avoid confusion,  For example, n-peatane, a hydro
carbon, has a solubility in liquid oxygen of 200 ppm by mole, as carbon.
At 225 ppm by mole, this hydrocarbon would represent a hazardous con
dition.  The 500 ppm by mole maximum safe Hmil recognized by liquid
oxygen producers applies only to hydrocarbons containing four carbon
Aoms or less, excluding acetylene compounds.

Therefore, it is osumed in this report that the interim limits meand
ppm by mole measured as methane or carbon (on a mole basis the
numerical value will be identical for either).  Further, the total hydro-
carbons will he mterpreted s C4 or less hydrocarbons,
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TABLE IV

LIQUID OXYGEN INTERIM SPECIFICATIONS

MIL-0-25508A USAF (June 21, 1957)

Procurement Use

Oxygen, percent by volume - minimum 99.5 --
Total Hydrocarbons, ppm by weight -
minimum 25 as Methane 225 as C
Acetylene, ppm by weight, maximum 0.5 1.5
Moisture, dewpoint °F - maximum -65 --
Filterable Solids

Filter Rating, microns i0 40

Filter Absolute, microns 40 72

Maximum Solids, mg/liter 2.5 25

21
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Equipment Cleanliness Specifications

Propellant Loading System

Standards of cleanliness for propellant loading systems have been
defined in specilications issued by Headquarters, Air Force
Ballistic Systems Division. For liquid oxygen, these specifications,
presented in Table V., require that the effluent liquid oxygen from
the system shall not exceed the limits setl for total hydrocarbons,
acetylene, and solid particles.

The 25 ppm by weight total solid particles limit of these cleanliness
specifications is equivalent to 2.9 milligrams per liter of oxygen as
compared to 2.5 milligrams per liter specified by the interim pro-
curement and use limits. (Fuel propellant loading systems are
limited to ten times this amount of solid particles.) The equipment
particle size is limited to a maximum dimension of 150 microns
while the interim procurement and use limits specifly 40 and 72
microns absolute, respectively. These differences could result

in the propellant loading system contributing solid contaminants

fo liquid oxygen in excess of the use limit for the latter,

Rocket Propulsion System

Manufacturers of rocket propulsion sytems (1) specify the limits
presented in Tabwe VI for the liquid oxygen hardware components
of the missile. These specifications are broader than those for
the loading sy stem.  Conceivably, liquid oxygen loaded into the
missile could on return to the launch-site support equipment conc
taminate the Litter to a point that it is in excess of its cleanliness
specifications,

SUPPLEMENTAL AGREEMENT NO., 1

Sources-and Mechanisms for Ignition

Ienition of a4 nonhypergolic system requires a combustible system and a
source of energy. Probable ignition initiaters found in liquid oxygen

systems are not highly energetic,  Liquid oxygen systems can detonate
by initiating a combustion wave with a weak ignition source. This com-
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TABLE V

CLEANLINESS SPECIFICATIONS FOR LIQUID OXYGEN

PROPELLANT LOADING SYSTEMS

Maximum Limits of Contaminants in Flushing Liquid Effluent

Total hydrocarbons, by weight as carbon 75 ppm
Acetyleng (Illosvay method) 1.0 ppm
Total solid particles (by weight) 25 ppm
Particle distribution None over

150 microns*

Water content None

*Liquid oxygen used for the system test must be prefiltered
through a 10 micron filter,
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TABLE VI

CLEANLINESS SPECIFICATION FOR LIQUID OXYGEN HARDWARE

IN ROCKET PROPULSION SYSTEMS

Hydrocarbon per square foot 8 mg. maximum
Solid particles - total 10 mg. per liter maximum

- distribution:

Particles
Longest Dimension - microns No. of Particles Allowed
0 - 300 No limit by count

300 - 500 5 per 100 ml of liquid

500 - 1000  lper 100 m1 of liquid

over 1000 No particles allowed

Fibers

Dlmension - microns

Length Maximum Diameter No. of Fibers Allowed
0-1750 29 No limit by count
750-2000 25 20 per 100 ml of liquid
2000-6G00 40 2 per 100 ml of liquid
Over 6000 e No fibers allowed

30
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bustion wave can ia turn initiate a detonation in the bulk of the liquid
oxygen system.

General

The range of energies needed for ignition in liquid oxygen system
and the range of energies available from possible ignition
mechanisms are wide. Il is unlikely, however, thal in most
cases the ignition energies will be greater for the bulk of the
system than what is available from the ignition mechanism. In
these cases ignitions of the bulk system can be caused by a
secondary mechanism; a weak igniter, igniting a local sensitive
mixture, which in turn can ititiate a detonation wave in the bulk
of the liquid oxygen system. Particular efforts should be made
to eliminate sensitive, low ignition energy, contaminants, such

as acetylene or fuel films.

Electrostatic charge accumulation. and discharge are common
hazards in handling {lowing liquids, especially liquid fuels.
Normal safely practice dictates that all portions of the storage
and transfer systems must be electrically grounded. Sloshing
of the liquids must be held to a minimum as the moving of the
liquid, a poor conductor over the tank surfaces, also a poor
conductor, causes ions and clectrons to cross from one surface
to the other. This results in generation of equal and opposite

charges on the surfaces.

Pure liquid oxygen is, in itself, a very poor conductor. However,
small amounrts of polar impurities increase the conductivity con-
siderably. T2 Lazardous range of conductivity is from 10-*° {o
10-19 mhs/cm. Geometry of the system, flow charicteristics,
(i.c. 2 phase vs. 1 phase) elect. properties of the components of
the system and the nature and amounts of the impurilies all con-
tribute to the hazard. Please refer to Appendix D for a detailed

explanation of the static phenomenon.
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Sources of Ignition
Carbon steel pipe or container can burn in pure oxygen, as the
flame temperature is higher than that of the melting temperature
on the oxide formed by the reaction. Initiation, however, requires
attainment of steel melting temperature by the initiator.

Homogeneous solutions in liquid oxygen can exceed flammability
limits (19)

Poorly miscible contaminants, such as acetylene, can exist as
a soligdh rlispersion in liquid oxygen.

Lubrieants from compressors and valves, and fuels secping
through comimon pressurizing systems, can build up a surface
coating on pipes and containers.

Ozone has not been detected in liquid oxygen in dangerous quantities,
The possibility exists, however, that ozone can be generated and
concentrated in one spot in 4 liquid oxygen system.

Non-combustible solids may enhance the ignition hazard in a com-
bustible system by functioning as hot spots, reaction catalysts, or
a surface for electric charge separation in a flowing system.

Ignition Mechanisms
Spdrks
Sparks can cvolve from unshielded electrical equipment or by
eleetrostatic discharge.
Imipact

Impact can be induced by a shock wave due to sudden opening or
closure of valves and relief devices, or by friction of sliding
surfaces in a valve, pump bearings, or slip flow of solids in the
lquid stream. Impacts usually cause ignition through secondary
mechanisms: by adiabatic compression of minute bubbles or by
heating of prit particles or surface defects.
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Catalysts

Solid or solidified impuritics can catalyze exothermic reactions
that will develop into flames or detonations.

Energy Considerations

The minimam ignition energy of volatile solvents in gascous oxypen
is of the order of 0.2 millijoules (18).  Activated carbon soaked in
liquid oxygen required 2 to 30 Joules for spark ignition (27) and

20 1o 500 Joules for ignition by impact. The maximum range of
ignition energies for LOX systems is, therefore, 10-4 - 10+3 Joules.

It has been shown (19) that the Towest flammability limil of methane
and ethane are hgher in LOX than in gascous oxygen. The large heal
sink availabie in LOX requires more energy from the combustion
reaction to maintain combustion. By the same token more encrgy

will be required for ignition in homogencous mixtures of a combustible

with LOX than with gascous oxygen.

In a heterogeneous system, such as a film or pool of combustible on
the surface of a pipe, a solid, or a container, the increase in rate

of diffusion of oxygen to the reaction zone (due o the large concen-
trations of oxygen at close proximity) may offset the cooling effect

of the LOX, and ignition energics may be of the same order of magni-
tude as with gaseous oxygen.

In our work on ignition of hydrocarbon films in gascous and liquid
oxygen, observations howed that a4 ring was burnt around the pipe
surface, centered at the location of the ignit~r. The film ignited and
the flame propagated a short distance before being quenched by the
cooling effects of the cold surface and the liquid oxygen.

The rate of encrgy application is another important consideration,
As the rate of energy application decreasces, the ignition energy
increases (26). This effect is mostly a function of the peometry of
the igniter and is governed by the rate of heat losses from the

ienition zone.
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An electrostatically generated spark will give up 10-6 to 10-7
Joules, depending on the electrical conductivity of the system.
Discharge time is fast, about 10-7 sec (17) and calorimetric
experiments established that 85% of spark energy is available
for ignition in the form of heat (17).

Impact

Ignition by impact alone requires a large amount of gross impact
energy (6) unless a secondary mechanism can operate.

Sliding impacts can generate a temperature elevation of 1000°C,
for 10-4 see. in a piece of grit on the surface, or in a delect in
the surface (7). The presence of a liquid film on the surface
requires greater impact energies to generate hot spots, but
does not prevent their generation. Poor thermal conductors
require less energy to form a hot spot, than good conductors and
the maximum {emperatures attainable are limited by the melting
points of the surfaces. A hot spot one millimeter in diameter,
0.5 mm thick in a steel surface can give up 20 m.j. when it is
cooled by 10°C. The amount of energy available from a hot spot
is limited by heat transfer considerations, unless the hot spot

is generated in a combustible particle.

An adiabatically compressed bubble of oxygen, one mm in diameter,
compressed from 20 psia to 2600 psia, starting at 100°K will acquire

approximately 1 m,j. of energy.

Catalysis

A catalyst can reduce the ignition energy by cecreasing the acti-
vation energy of the overall reaction. It can also serve as a heat
sink and prevent the formation of a hot spot. This depends on the
material, geometry and size of particle. Smaller particles are
more hazardous as catalysts than larger particles.
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Hydrocarbon Film Ignition Tests

General

Ignition of hydrocarbon film which exist on the wall of piping or
vessels in gaseous oxygen service is of major interest to all
who are involved in the handling of oxygen.

The tests conducted under this program were particularly designed
to aid in the determination of a reasonable safety limit for the con-
centration of hydrocarbons on the surface of ground support equip-
ment or piping to be used in lieu of the 4000 microgram per square
foot (mcg/sq ft) standard developed by LeSuer and Williams (16)

in their interim standard report. This level of contamination was
based on tests run at Cape Canaveral Missile Test Center using
RP-1 as the contaminant. RP-1 is highly combustible and conse-
yuently promoted a safe upper limit which may be excessive when
a normal lubricant is considered. A 4000 mcg/sq ft concentration
is a ostensibly clean dry surface.

Palmer (20) reported work performed by Loison in 1952, These
tests were performed with an oil concentration of about 20, 000
milligrams per square foot and a long (200 to 300 ft) pipe under

100 psig air pressure. This combination ruptured the pipe. There-
fore, the area of present interest is belween 4 mg/sq {t and 20, 000
mg/sq ft.

Basyrov and Mikhedov (4) studied the detonation limits of some
Russian lubricating oils solidified and dispersed in liquid oxygen at
concentrations of 7.5 to 21% oil in LOX. For one type of spindle

oil in a mixture of 15% oil in LOX, the detonation ability was si-oilar
to that of TNT.

Some unsystematic work had been doune at Air Products and Chemicals,
Inc. in 1956 and 1957 (3), on ignition of a variety of lubricants in air,
oxygen, and liquid oxygen. The amounts of oil were substantial and
powerful detonators were used. The sound of the detonation and a
study of the surviving parts of the equipment indicated that the oil
ienited in all tests.  No quantitative data of the oil {ilm concentrations

were taken.
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Equipment Description

Figures 7 and 8 shows the test vessel used for these experiments.
It was a 2-foot section of 1-inch stainless steel pipe with two
6-inch long 1/2-inch diameter sections at each end which had pro-
visions for the introduction of a solution of hydrocarbon (n-hexa-
decane) in carbon tetrachloride. The ignition was provided by
either a spark coil connectled to the electrode or by an electric
match inserted at the center of the pipe. N-hexadecane was chosen
because it is a common component of lubricating oils and because
a single hydrocarbon is more easily analyzed than a mixture.
Figure 9 is a photograph of a typical test assembly.

TEST PROCEDURE

A n-hexadecane film was applied evenly to the surface of a clean section
of pipe. The boiling temperature and the molecular weight of n-hexadecane
are in the ranges for common lubricants; it is available at a purity of at
least 95% and its concentration in solution can be determined with accuracy.

The pipe section (Figures T and 9) was 2 ft of 1 inch schedule 40 stainless
steel pipe with a 6-inch section of nominal 1/2 inch stainless pipe at each
end. During gaseous oxygen runs, one end of the pipe was closed by a
rupture disc made of 1.5 mill, brass foil n a modified 1/2 inch union.
These discs were rated at 400 psig. A rupture disc that was rated at
2000 psig was used for the 1500 psig runs.

The hexadecane was applied to the surface from a solution in carbon tetra-
chloride, which was evaporated in a hot water bath while rotating the pipe
section to achieve uniformity of the hydrocarbon film on the surface.

Visual and tactile observation indicated that a reasonable degree of uni-
formity was achieved. The amount of hydrocarbon deposited on the surface

was controlled by the quantity and concentration of the feed solution. The
area covered was calculated to be 0. 723 sq ft.

Two ignition mechanisms were used:
The first mechanism was a high vollage spark. A Model-T Ford
ignition coil was used with an electrode made either from a length

of nichrome wire in a compressed Teflon insulator, or a copper
wire soldered to the tip of a spark plug. The electrodes were in-
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serted at the middle of the pipe and the tip of the wire was main-
tained at a distance of 5 mm from the opposite pipe wall, which
served as the grounding electrode. The power input to the spark
coil was 5 to 12 watts,

The second mechanism used was an electric match, DuPont S-65
squib. The squib was stripped of its insulation, re-insulated with
ceramic beads, and positioned at the end of the 1" pipe section.
This squib releases 4 to 8 calories in about 20 milliseconds.

After application of the film, the pipe section was cooled to room temper-
ature and the igniter and the oxygen line were connected. The pipe wa
then purged with oxygen for five minutes to remove the last traces of the
solvent vapors. The rupture disc assembly was then tightened, the pipe
was pressurized with oxygen, and ignition was instigated. The same
procedure was followed for the blank runs except that ignition was not
started and the pipe was pressurized at 50 psig for {ive minutes.

The pipe section was then disassembled. The unburned hexadecane was
dissolved in two 125 cc batches of fresh carbon tetrachloride and the
combined solution was concentrated by evaporation of most of the solvent.
The volume of the concentrate was measured and the concentration of the
n-hexadecane was determined with a Beckman IR-4 infrared analyzer.

For the runs in liquid oxygen, the end sections were removed after
deposition of the film and one end of the 1-inch section was capped
(Figure 8). The area of the section was calculated to be 0. 548 sq ft.
The pipe was immersed vertically in liquid nitrogen contained in a
stainless steel dewar. Gaseous oxygen was fed into the top of the pipe
and liquid oxygen was condensed to [ill about 80% of the volume. By
using this condensation technique in contrast with previous experiments
in which liquid oxygen had been poured into warm containers, only a
small amount of oxygen was present in case a detonation would be
initiated. Thick electrical insulation was used on the high voltage line
and the pipe itself to prevent current leakage. Following ignition the
pipe was removed and warmed slowly. The residual hexadecane was
dissolved in carbon-tetrachloride, concentrated, and analyzed.

The pipe section was disconnected and opened. The remaining film was
dissolved i two 125 cc batches of fresh carbon tetrachloride. This
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solution was concentrated by evaporation of most of the solvent in a
standard Pyrex evaporation unit, and the n-hexadecane in the concentriate

was determined,

Discussion of Results

The resulls, plotted as surface concentration of hexadecane (mg/sq ft
of pipe surface) against the pereent recovery of the hexadecane, are
given in Figures 10 through 12,

Since adl ipnition work is generally poorly reproducible, a number of runs

were made at cach concentration and the results were plotted in a statis-

tical form instead of stowing the individual points. The plot for cach

concentration represents the 95% confidence limit of the resulls and was

calculated by the relation ¥ 4 ___a'_§_‘___, where X is the average per cent
“]/‘2

of unburnt hexadecane recovered in all the runs at that concentration,

s, 1/2 is the standard deviation for these runs and n is the number of

runs. The number of runs is also given on the plot. These data and the

results of the individual runs are also given in Table VII.

In Figure 10 the 95% confidence limit of all 11 blank runs is 99.3 4 5.7,
The spread of the squib ignition runs is greater, since a snil) arca that
burns under the igniter is not reproducible,

The infrarved analyses of the hexadecane in the carbon tetrachloride were
reproducible to 0,3 my/ce. This uncertainty could cause a deviation of
2% in the recovery in the 1000 myg/sq ft range and a deviation of 15% in

the 100 mg/sq ft range.  This is the probable reason for the Larger scatier
of the data at Tower concentrations,

At the highest surface concentrations used, there was nol sufficient oxygen
at 50 psiz to burn all the hexadecane.  The two broken lines on Figure 10
indicate the minimum recovery of hexadecance for the two concentrations,
if all the oxyeen al 50 psig is consumed in a stoichiometrice ratio to foym
only COg and 120 as combustion products.  Actually, some carbon is
formed in all ignition vuns and considerable amounts of carbon were

found in the high concentration runs, In the two highest concenfration runs
at 6000 myer sy fUa detonation wave {ollowed the ignition,  Subsequent yuns
woere made at lower concentrations,
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Effcct of Pressure

No significant effect was found in the range of 20 to 200 psig. In ten

runs made at 1050 mg/sq ft and 1500 psig, the recovery was 83 + 6%,
compared to a recovery of 99 + 3% for ten runs at the same concentration
and pressures of 20 to 200 psig. Increased pressure is known (5) to
decrease the ignition temperature of lubricating oils and the increased
solubility of oxygen in the oil film probably helps to propagate combustion.

Effect of Ignition Mechanism

Combustion properties of the system hexadecane-oxygen were estimated
from the literature (10, 22,25). The quenching distance was estimated

to be less than 4 mm. Therefore, the sparking electrode was kept at a
distance of 5 mm from the wall. The minimum ignition energy was esti-
mated to be 6 x 10-3 cal. The ignition energy of both ignition mechanisms
used was considerably higher. The energy of the spark was of the same
magnitude as friction or impact effects that are possible sources of
ignition in a pipe system. The rate of application of the ignition energy
of the electric match is several orders of magnitude greater than that of
the spar's, There is, however, no way of directly comparing different
ipnition mechanisms. It is very unlikely though that self-ignition in a
LOX system will be instigated by a source as powerful as an electric

match.

The data in Figure 11 on the results of ignition by an electric match show
no marked significances from the data in Figure 10, except for poorer
reproducibility. Possibly more hexedecane directly under the squib was
burned.

Effect of Temperature

In about one-fourth of the runs using spark ignition, the tube was deliberately
not allowed to cool after evaporation of the solvent. The temperature of

the pipe was 30 to 40 degrees Centigrade above ambient temperature, No
effect of temperature in this range was found

At Tiquid nitrogen temperatures, the hydrocarbon film on the surface of
the pipe freezes, and a small amount of film flakes off,  The frozen oil,
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being less dense than the LOX, floats to the surface creating an increased
hazard.

Blank runs were made {o evaluate the magnitude of this effect. The
freezing, flaking, and floaling mechanism was not large below concen-
trations of 500 mg/sq ft (Figure 12),

In the liquid oxygen runs, the inside of the pipe was observed before and
after ignition. At a hexadecane concentration of 1000 mg/sq ft, a bright
ring about 2 inches long, symmetrical aboutl the sparkling electrode, was
observed. This indicated that ignition had started but did not propagate,
No such rings were observed in the blank runs, At lower concentrations,
small patches of clean areas were observed under the electrodes after
ignition but no continuous burned region was evident.

Effect of Lubricant Flow

At surface concentrations of over 1000 mg/sq ft, some mobility of oil

on the surface was observed. It seemed likely that at high surface con-
centrations some of the {ilm would flow to the lowest parts of the system,
accumulate, and increasc the ignition hazard at that location.

Some experiments were made to determine the concentration level at
which this effect becomes pronounced. A tray was constructed from a
3/16-inch flat stainless steel plate (0,80 sq {t surface area). Thin walls
were connected, using an epoxy resin adhesive. The surface was coated
successively with 100, 250, 500, 1000, and 2500 mg/sq i of n-hexadecane
by applying predetermined amounts of 20 mg/cce solution of hexadecanc in
carbon tetrachloride. The solvent was evaporated using an infrared lamp,
Smear tests were made at each concentration by rubbing a finger on the
surface and observing reflected light from the surface. No smearing was
observed at 100 and 250 mg/sq ft. Slight smearing was observed at

500 mg/sq ft. Smearing was considerable at 1000 mg/sq ft and at

2560 my/sq ft, it was possible to push the oil on the surface,

Safe Concentration Level
From Figures 10 through 12, it would seem that a hexadecane level of

1000 mg,'sq ft can be tolerated for gascous oxygen and a slightly lower
level than 1000 mg/sq ft can be tolerated for liquid oxygen. Flaking of
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the lubricant in LOX, and film f{low at ambient temperature, reduce the
safe level to about 500 mg /sy L.

In hiquid oxygen, floating frozen oil will flow with the LOX and accumulate
at dead ends downstream. In gaseous oxygen, f{lowing films will collect
at Jow levels, Sampling of lines for lubricant contaminants should
therefore be made at the lowest levels in ambient temperature lines, and
at low velocily zones in liquid oxygen systems.

The recommended safe level contamination with hydrocarbons with viscosity
and vapor pressure similar to hexadecane is 100 mg/sq ft.

FILTRATION OF SOLID CARBON DIOXIDE FROM LIQUID OXYGEN

General

The average carbon dioxide (COg) concentration in the atmosphere is
approximately 320 ppm. In the commercial low temperature air separation
processes by which liquid oxygen is produced in the United States, this is
reduced to a concentration of the order of 1 to 5 ppm by one of two methods:
by scrubbing the air with a caustic solution which combines with the CO2

to form an insoluble carbonate; by solidification and subsequent filtration,
In either case, because of the solubility of CO2 in liquid air, essentially
all COg which enters the cold section of the liquid oxygen producing equip-
ment becomes concentrated in the liquid phase. During the processing of
this liquid, it is passed through mechanical {ilters which are designed to
remove the last traces of solid CO2. However, it has been the experience
of these vendors that not all of the CO2 is retained by the filters and some
is withdrawn in the product,

Few users of commercial oxygen are concerned about the presence of small
quantities of solid carbon dioxide, In fact, few commercial users apply
liquid oxygen directly. In most cases, the liquid oxygen is vaporized and
super~heated to ambient temperatures in the facilities supplied by the
customer or vendor. Under these conditions, the solid CO2 is also
vaporized and becomes an unnoticeable contaminant in the usable gas,

The storage and rapid turnover characteristics of commercial users
preclude concentration of solid CO9 over periods of weeks to years,

The missile industry alone is faced with the problems of long-term hiquid
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FIGURE 10. RECOVERY OF HEXADECANE FILMS AFTER
SPARK IGNITION IN LIQUID OXYGEN
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oxygen storage, concentration of CO9 by vaporization, and by frequent
handlings between vendor, tank truck, lauach site storage, and return
from missile. Therecfore, the relatively new and unexplored ficld of
removal of the last vestiges of solid CO2 which do remain in the com-
mercial oxygen product part has become of greater importance. The
reason is that the solid CO9 will agglomerate where conditions are
static, as found in storage vessel and in the launch pad storage tank,
These larger particles may not be btroken down during subsequent

T MY

agitation and may possibly create a blockage in some missile LOX
system,

Under the subject contract an investigation was undertaken to study the
means and problems of removing the last remaining solid CO9. This
problem can be divided into two phases: the removal of solid CO2 from
liquid oxygen at the producer's plant site upon or before delivery to the
customer, and subsequent removal of CO2 which may have been in
solution in the liquid oxygen as produced by the vendor, but which by
reason of handling, long term storage, or involvement in missile operations
has been concentrated to the point where the CO2 has exceeded the solu-
bility limit in liquid oxygen and has begun to precipitlate. At this point,
the mechanical considerations are given essentially the same as those
al the producers' sites. The obvious means ¢f removing solid particles
from a liquid is by filtration, In this process the solid-bearing liquid

is passed through a medium which contains openings smaller than the
smallest desired particles to be left remaining in the solution. These
parlicles are retained on the upstream side of the filter element and al
intervals the particles are removed.

This leads directly into a study of the factors involved in satisfactorily
filtering solid COg from liquid oxygen. The agglomeration of these
particles previous to filtering is of prime importance. This operation
is best carried out in a quiescent pool of liquid since turbulence of the
mixture tends o break up the particles of solid CO2. The factor of
particle break-up has been seen to operate on relatively large particles
already formed,  Although these particles appear to be solid, they hreak
into many small pieces upon agitation of the liquid.

Complicating this situation is the nature of CO2 particles. Thesce particles
cannot be analyzed by the normal screening procedures because of this
hreak-up tendency and because the CO2 particles exist only at low temper-
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atures and not at room temperatures where normal screening processes
arc conducted. Under approximately 40 microns in diameter, a particle
is not vigible to the naked eye. Although the filtrate may appear clear,
this same liquid, vaporized and heated to room temperature and passed

through a CO2 analyzer, will reveal the presence of CO2.

Apparatus and Test Procedure

Figure 13 presents a schematic flow diagram of the equipment used in
the tests, The equipment is also shown in detail in Figures 14 through
18. This diagram is referenced in subsection ~ Test Procedure. During
a test run, COg-contaminated liquid oxygen is transferred from vessel

1 through Filter 4 and sample coil 5 to vent through Vg, In order to take
a sample, valves Vg and V2 are closed, V7 is opened and the liquid is
transferred into the sample bottle 2 where it is vaporized for analysis,
Figure 14 shows the equipment in operating position without the Dewars

in place,

The identifying numbers on the succeeding photographs are as shown in
Figure 13, After 5 runs, filter house (4) was replaced with a Lucite
plastic unit so that the filtering process could be visually inspected.
Sight glass and scale (6) were used to measure throughput during a test
by the liquid level difference.

Figure 15 shows a second generation plastic filter house in a close~up
view. The operation of this model is the same as the previous one with
exception of the side outlet in the center of the photograph. During the
test, the flow enters at the opening at the bottom of the photograph and is
split in the filter house. The excess liquid which measures the turbulence
leaves by the side opening while the filtered liquid leaves by the connection

at the top.

Figure 16 shows the assembly in Figure 15 disassembled {for examination.
The filter is a 10-micron nominal pore size sintered stainless stecl unit
purchased as a laboratory item from the Purolator Company. It is
approximately 1-1/4" long by 9/16' O.D. Teflon gaskets are used to

seal the flange joint. The flow through this filter is from outside to inward.

Figures 17 and 18 schematically show the principle of operation of the test
filter unit,
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Figure 14, Fquipment for Examination of the COg2 Filtration Equipment
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Figure 15. New Filter Assembly with Side Tap
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Ficure 16,0 Dissassembled Filter
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Test Procedure

The Dewar flask (3) is first filled with liquid nitrogen. Valve V3 is
opened, allowing liquefaction of oxygen containing a known concentration
of solid CO2 into vessel (2), A regulated supply of helium is then con-
nected into the system through valve Vg to apply a steady pressure on
the liquid oxygen in vessel A to establish the flowrate through the filter
assembly. After steady transfer conditions have been obtained, valves
Vg and V9 are closed (V7 had been closed), trapping a sample filter
liquid in the sample coil. Valve V7 is opened and the sample is {rans-
ferred to vessel B by warming the coil to room temperature and cooling
vessel B in liquid nitrogen, Valve V7 is closed; the sample bottle is
detached, warmed, and analyzed for CO2. This procedure is used with
all samples where subcooled liquid is filtered.

The same arrangement of the test apparatus is used when boiling liquid
is filiered, except a small heat exchanger is inserted immediately before
valve V1. This exchanger introduces heat into the contaminated liquid
oxygen to the point that approximately 507 gas volume can be observed in
the filter house during the filtering procedure. All other parts of the

procedure remain the same,

For the runs where a high flow rate was attempted, the 3-1/8" 0. D. slorage
vessel was changed to one 6-1/8" O,D.; the larger storage volume was re-
quired in order to make a run for a reasonable time period,

Operation of small-scale equipment for handling liquid oxygen, or any
other liquid with a boiling point far below ambient temperature is very
delicate. The liquid exhibits a natural tendency to boil at the most
inopportune times., The simple operation of throttling the liquid to control
flow creates a two-phase system due to tlash-off caused by the expansion
through a valve. The equipment and procedures for these tests were

revised several times.

The procedure of obtaining representative samples from a liquid oxygen
stream carrying suspended solid CO2 is another critical operation, If
sampling is done by a simple tap into the stream, the solids will flow
past rather than into the side arm which produces a low value. Unless
the COg-bearing liquid oxygen is flash-vaporized in a heater whose sur-
faces are warmer than the sublimation point of COg, the CO9 will con-
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centrate in the boiling liquid and the sesuitant analysis will be low, If
the tubing carrying the mixture passes throgga a warm arca, the CO2
will tend to deposit out on the walls of the tube. If the sample is
throttled, the CO2 will tend to deposiz out on tie valve seal or disc,
This difficulty in properly sampling ‘rox soiia CO2-liquid created
many problems in test equipniciic desigic wecor? productive experimental
work could be initiated.

Discussion of Results

Under this program, 87 separate runs were made under many different
conditions using the equipment illus.ocied, Results of these runs were
previously reported.  Two phezomena have begun to shown even though
there is considerable spread in the recorded data due to difficulties in
handling the 02-C0O2 mixture in small equipment. One difficully is the
passage of visible CO2 from the exit of the filter element during and
immediately after times when the elements have been vibrated mechani-
cally, The filter element was one having 10-micron rating. Since the
lowoe ZImit of visibility is about 40 microns in diameter, we must assume
hat inic cloud is due to a large quantily of individuality invisible particles.
It has become apparent during this experiment that the actual filtering
medium is the cake which is being bulit up on the outside of the filter
element rather than the filter element itself, In other works, the filter
element is simply forming a base for the actual filtering medium. Upon
agitation, the COQ cake is broken up into smaller particles, Some par-
ticles immediately pass through the filter element. Obviously, in a

plant with moving machinery such a condition may exist at all times in
the actual production filter house.

The second phenomenon is that the concentration of CO9 in the filtrate
seems to vary in a pattern with the Reynolds number of the liquid in
the filter house at the surface of the filter cake. Figure 19 represents
the results of all runs plotted on one chart, with a proposed correlation
of these points.  The Reynolds number is a flow correlation of

4w Dy
Re A)(
where:  w - Flow rate. 1b/hr

Dh  hydraulic diameter, feet
A crossectional area, sq i
(( viscosity, b/t sec
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As stated previously in this report, the CO2 particles will agglomerate
il the liquid is allowed to stand quictly for a period of time.  These
agelomerations are known to break up if the quiescent pool is agitaled
by mechanical means or simply by boiling the liquid. This agitation
also ocenrs during the transfer and {iltvation of the liguid in the test
apparatus. With sufficient agitation, the filtering efficiency of the unif
is poor regardless of the rvate of flow (See Figuve 19),

Fipure 20 incorporates data gathered at APCI's Denver Facility in
February and April 1960 (3). These data are byproducts of CO9
sampling tests conducted on the 75 ton per day liquid oxygen generating
plant at that location.  The data from these fests as shown on Figure 26
agree well with the laboratory seale work in the portion of the curve
where over lapping exists. The extension heyond a Reynolds Number of
103 also follows the pattern set up in Figure 19.

It may be readily seen from the foregoing data that filtration of the
quality required to completely remove solid CO2 from the liquid oxygen
as it enters the missite tank cannot be accomplished.  The liquid oxygen
bheing pumped fo the missile is extremely turbulent as it passes through
warm lines and fittings to the missile tank.  Much of the solid particles
arce undoubtedly passed through the filter and into the missile tank.
While filiration could be accomplished by installing a 1 micron pore size
filter, the resultant pressure drop or flow deerease would materially
change tanking procedures. In addition, a filter of this fineness is not
required for removal of other solid contaminants.,

Going one step further, it must be pointed out that even complete filtering
(0 ppm solids transferred) is not the full answer to the problem of solid
CO2 in the missile liquid oxygen system. CO9 is soluble in liquid oxygen
to about 4.3 ppm. Upon vaporization of the oxygen during transport through
warm lines info a warm missile tank, some of this CO2 will precipilate.
Due Lo this vaporization the CO92 concentration will rapidly exceed the
sotlubility Hmit and precipitate from solution. Thercupon, the status of

the Tiquid becomes comparable {o that it would have had there been no

serious lfiltering.

since, therefore. removal of the CO9 hazard involves remaoval of both
msoluble and dissolved CO9, some process other than in addition to
simple filtration 1s dissolved,  Adsorption of the dissolved CO2 on
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silica el or molecular sieve is the most likely solution. However,
because of the cost of equipment and the fact that this is another piece

of equipment in the already complex ground support phase, the question
"Is solid CO2 in missile liquid oxygen dangerous? ' should be answered.
No missile [ailures have heen attributed dirvectly to the presence of CO9
in the system. However., the present test for particulate matier requires
warming the sample to atmospheric temperature.  Duaring this warm-up
period, the CO2 sublimes (-1107F) and thus is not visible on inspection.,
Inspections of fill Hine {ilters while cold have shown solid water and CO9
on their surfaces, however.

The fillration of natural inert solids, rust, stones, metal chips, welding
slag presents no particular problem. However, little can be done about
filtration of these items until the various rocket engine and systems
engineers settle on an allowable maximum size particle. It is understood
that {ests were being run with liquid oxygen and fuel contaminated with
increasingly larger particles to determine the practical upper limit for
particulate matter sizing.

SUPPLEMENTAL AGREEMENT NO. 2
LOX Handling Practice - Cape Canaveral

The liquid oxygen used at Cape Canaveral is usually supplied by the LOX
production facility operating at the Cape. This facilily consists of two
independent plants (1160 and 1161), cach capable of producing 75 tons
(15,700 gal.) of LOX per day, and four plant storage tanks, each with a
capacity of 28,000 gallons.  Generally, both plants operate at the same
time, although during times of low demand, or when the plant storage
tanks arc full, one plant may operate while the other is either standing
by or is being maintained. Occasionally, at times of peak demand, LOX
may be brought in [rom an outside source,

When Hquid oxypen is required at one of the complexes, tank trailers are
driven to the production facility and loaded with LOX which is iltered as

it is pumped from the plant storage tanks, Four trailers may be loaded

at one time from the filter manifold, cach trailer having a capacity of

3800 gallons,  When the trailers are filled, they are driven to the coniplex
arca and unfoaded into the pad storage tank, which has a capacity of 28,000
aallons. The trailers are unloaded by pressurizing the trailer tank with
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oxygen gas and forcing the contents into the pad tank through a portable
filter unit,

Activities associaled with the LOX storage tanks may consist of launches,
static firing tests, incompleted or recycled countdowns, missile tanking
tests, dumping the storage tank contents, {illing and topping the storage
tank, and taking samples for analysis. When a missile is scheduled to
be Jaunched, one of the last operations to be performed is loading the
missile with LOX. About 30 minules before the launch, {he LOX storage
tank is pressurized with nitrogen gas to about 30 psig to provide pump
suction head and the liquid oxygen is pumped through f{ilters into the
missile tank.  The missile tank is kept full by adding subeooled liquid
oxygen to compensate for boil-off. i the count is held up after the
LOXing operation, the missile tank is topped with LOX until the count

is either continued, recycled, or cancelled. If the count is seriously
delayed or cancelled, the LOX in the missile tank is cither returned to
the storage tank or discarded. Static firing tests follow the same pro-
cedure as the actual Taunches.  Tanking tests arc designed to test the
LOX handling system by filling the missile tank.  After a tanking test,
the LOX in the missile tank may be returned to the storage tank or
discarded. After a storage tank is dumped, generally because the LOX
does not meet purity or particle count specifications, the tank is usually
purged afterward with gasecous =itrogen, When a storage tank is topped,
it is generally filled until the LOX overflows from the tank vent line,

Experimental Program

Samples of liquid oxygen were taken periodically from the LOX storage
tanks of four Atlas complexes (Pads 11, 12, 13, and 14) and two Titan
complexes (Pads 19 and 20), as well as [rom the process stream of the
LOX production facility al Cape Canaveral, These samples were then
shipped to Air Products, Incorporated {API) at Allentown, Pennsylvania
where they were analyzed for a variety of components. Al times,
duplicate samples were taken by Pan-American Airways Pad Engineering
and analyzed at the Patrick AFB Laboratory, In this way, cross-checks
were made of the validity of the analytical methods, Analyses al
Allentown were performed on all samples by at least two different
instruments.  The lirst instrument was o dispersive-type infrared
spectrophotometer (Beekman IR-4) which was used to determine carbon
dioxide, methane, nitrous oxide, water vapor, and acetylene,  The
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second instrument was a Multi-Contaminant Analyzer (MCA) developed

by Air Products for WADD under Contract No. AF 33(616)-6747 and

made available for the present study.  This instrument used separate
non-dispersive (Laft Principle) infrared optical benches for measuring
the various contaminants, and a paramagnetic analyzer for measuring
oxygen concentration.  The contaminants determined by the MCA were
total hydrocarbons (THC), carbon dioxide, carbon monoxide, acetylene,
butanc plus hydrocarbons, and water. Details of the analytical techniques

are desceribed in the Section "Discussion of Sampling and Analyses™.

The sampling apparatus and sampling technique used in this study were
described ina previous report. The sampling apparatus used is capable

of taking true liquid samples provided the sampling period is no longer

than ten minutes. Inorder fo cool the sampling lines and sampler

quickly enough to stay within the time limit, it was necessary fo pressurize
the TOX storage tanks to 20 psig with gaseous nitrogen.

This requirement not only introduced additional nitrogen to the hulk of
the LOX as a contaminant, but also complicated the taking of a sample
since the vent valve and pressurization controls were located in the
block-house of the pad.

The samples at the pads were taken from the LLOX sampling line normally
used to take routine samples. Until the present program, routine sampling
had consisted of draining tiquid oxygen from the storage tank via the
sampling line into an open-mouthed stainless steel vacuum bottle (4),

In order to distinguish between samples taken with open flasks and those
taken with the closed sampler, the former are called liquid samples and
the latter are called cryogenic samples.  Duplicate cryogenie samples
were taken by splitting the sample stream through a tee connection and
filling two identical samplers simultancously,  After a eryogenic sample
was laken and the sampler valves were elosed, the trapped sample was
allowed to warm and vaporize, At ambient temperature, the pressure
inside the sampler generally reached about 1000 psig,

No formal sampling schedule was followed, but samples were taken
depending on the activities at the pads and the availability of support
personnel,  Bfforts were made to obtain scomples before and after
particular activities such as missile tanking tests, launches, and storapge




W

-y

|
7%(/} %M and [7 Jefmcacﬁ

NG

tank toppings. It proved impossible, with the equipment available, to
obtain successtul samples fram the trailers used to carry LOX from the
production facility to the complexes,

History of Activities on Complexes

In order to interpret the data obtained during the course of the study
period, it is necessary to consider cach pad separately.  The following
desceriptions are intended to provide a general background for cach pad
without going into much detail on individual samples.

Pad 11 - Convair

At the start of the test program, this complex had been inactive for
a number of months due to modifications., During this inactive period,
the LOX storage tank had been cleaned and inspectled, remaining in
clean condition until February 2, 1961 when the tank was f(illed with
liquid oxygen. From that date until the completion of the sampling
program (March 28), activities concerning the LOX storage tank
consisted of one missile tanking test and ten lopping loads of LOX
added {o the storage tank, From February 16 through March 28,
eight samples were taken from the tank and subsequently analyzed.
Of these eight samples, one was taken one hour after completion of
the tanking test, one was taken less than one hour after topping, and
one was taken about 14 hours after topping. In the cases of the other
five samples, there were no particular activities at the storage fank
for at feast 16 hours before taking samples.

Pad 12 - Convair

After a period of considerable activity, a missile was launched on
January 23 and the complex was shut down for modifications. The
liquid oxygen which remained in the storage tank after the launch
(approximately 11,000 gallons) was allowed {o boil away by normal
heat leak during the remainder of the test period, reaching a residual
tevel of approximately 1400 gallons on March 29, Five samples were
taken at the LOX storage tank during this inactive two-month period,
During the active period, one sample was taken on a normal day and
one sample was taken seven hours before the Taunch.  The storage fank
was topped three times during the active period.
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Pad 13 - Convair

This complex was the most active of the six pads studied; four
missiles were launched during the course of the study period.

This aclivily is reflected by the 16 LOX lank lcadings which occurred
during the test period. Altogether, ten samples were taken from the
LOX storage tank and analyzed. Of these samples, two were taken
about five hours after a tank topping and one was taken about one
hour after topping. No storage tank activities took place at least

24 hours before taking any of the other seven samples.

Pad 14 - Convair

Only one missile was launched from this complex during the three-
month period. Other activities at the LOX storage tank during this
period included one missile tanking test and seven loads of LOX
delivered to the storage tank. Also, the contents of the LOX storage
tank were discarded once, since the LOX did not meet specifications.
A 24-hour purge with nitrogen gas followed the dumping of the LOX.
Ten samples were taken during the study period and analyzed. Of
the ten samples, two were taken about one hour after topping the
storage tank. The other eight were taken at times of no particular

activity.

Pad 19 - Martin

This complex was almost as active as Pad 13; three missiles were
launched and one static firing test was conducted. The LOX tank was
loaded on 12 occasions and nine samples were taken during the course
of the study period. Of the nine samples, one was taken about one hour
after topping, one was taken about three hours after topping, and one
was taken 18 hours after a launch. There was no particular activity

at least 24 hours before taking any of the ten other samples.,

Pad 20 - Martin

Although more active than Pad 14, this complex was not as active as
Pad 19, launching two missiles during the three-month period. Eight
loads of LOX were added to the storage tank and eight samples were
taken, No particular activities were associated with any of the eight

samples.
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LOX Plant

With the exception of some problems associated with mal-functioning
of the CO2 filters and adsorbers in these plants, both plants operated
at normal production rates as controlled by the available plant site

storage capacity.

Discussion of Resulls

The chronology of tank loadings, samples, and special activities during
the three-month study period is presented in Table VII. In this table,

the left-hand column under each pad number presents the the individual
sample numbers. The center column indicates special activities which
are represented by letters; "L' standing for launches, "T" for tanking
tests, "D" for dumping LOX, and "S" for static firing, The right-hand
column presents LOX tank loadings in thousands of gallons. Under the
designation LOX Plant, the left-hand column relers to the sample numbers
and the number in parentheses indicates the LOX plant which was sampled.

Three of the 68 samples were completely unsuccessful. The complete
analytical data of the 65 analyzed samples were reported previously.
For the sake of clarity, the accumulated data have been interpreted
and condensed into Table IX. In this table, the CO2 data were obtained
from the multi-contaminant analyzer.

Table X gives the analytical results of the samples which were taken
shortly after some activity involving the sampled storage tank had
taken place.

Table XI presents the results of all of the duplicate samples which were
taken.  Sample 59 in Table XTI is the single sample which was analyzed
by both Air Products and Patrick AFB Laboratories.

Carbon Dioxide

As can be scen in Table IX of the results, in practically every sample
the CO2 was found to be in quantities well above its solubility limit
of 4.2 ppm in liquid oxygen.  This indicates that solid CO2 was sus-
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TABLE IX

SUMMARY OF ANALYTICAL RESULTS

Location ' LOX
(Pad or Date CO9 THC CHy4q CgHg C4+  Purity Volume
_ Plant) __Sampled  Sample (ppm) (ppm) (ppm) (ppm) (ppm) (Mol %) (gallons)

11 2/16 1 oo 15 - - 99.75 F*

11 2/23 2 39 17 17 - - 99.178 F
1 3/6 3 25 20 22 - - 99.55 26,500
11 3/13 4 11 16 15  trace - 99. 45 F
11 3/15 5 10 16 16 - - 99.53 F
11 3/16 6 15 22 19 - - 99. 45 F
11 3/20 T 10 - 17 16 - - 99.35 F
11 3/28 8 12 20 20 - - 99.45 F
12 1/10 1 14 13 18 - - 99.70 -
12 1/23 2 13 20 117 - - 99. 40 F
12 2/2 3 8 13 15 - - 98.95 8,500
12 2/16 4 14 18 21 - - 99.45 4,600
12 3/8 5 11 24 2 - - 99.73 2,200
12 3/16 6 T 31 31 - - 99.73 2,100
12 3/29 7 10 43 45 - - 99.60 1,400

* (1 denotes Full Tank)
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TABLE IX (Cont'd)

Location L.OX
(Pad or Date COy THC CHy CgHg Cyg+ Purily Volume

Plant)  Sampled  Sample (ppm) (ppm) (ppm) (ppm). (pplp) (Mol %) .(gnlln.ng)_

i3 1/16 1 13 (6 17 - - 99.30 F
13 1/23 2 14 19 18 - - 99. 30 F
13 1/26 3 15 19 16 - - 99. 40 Low
13 2/9 4 9 16 14 - - 99.40 22,700
13 2/14 5 11 16 15 - - 99.40 22,300
13 2/20 6 43 16 16 - - 99.50 22,000
13 2/21 7 15 15 i6 - - 98.40 5,000
13 3/8 8 17 14 16 trace - 99. 50 F
13 3/15 9 25 21 23 - - 99. 717 F
13 3/20 10 13 14 15 - - 99.75 F
14 1/17 1 24 h4 30 - - 99. 40
14 1/25 2 35 32 25 - - 99.60 r
14 2/1 3 14 19 ol - - 99.60 F
14 2,9 4 22 22 20 . - 99.60 21,800
14 2/11 5 15 16 15 - - 99.170 ¥
14 2,28 6 14 1T 17 = - 99.50 5,000
14 31 7 20 16 16 frace - 99.70 23,000
14 3,13 8 14 16 16 trace . 99.60 21,500
14 = 9 20 20 20 trace - 99.60 20, 500
14 324 10 I 17 15 - - 99.170 F

)
¢




Location
(Pad or
Plant)

19
19
19
19
19
19
19

19

19

20
20
20
20

20

Date

Sampled

1/18
1/25
2/3
2/13
2/16
-+ 2/21
3,/14
3/21
3/28
1/19
27
2/2
2/13
2,20
2,28
3,14

3,29

Sample (ppm)  (ppm) (ppm)  (ppm) (ppm) (Mol %) (gallons)

1

2

TABLE IX (Cont'd)

COy THC  Cliy
18 24 20
16 15 13
1 1315
11 18 15
25 10 13
37 19 16
12 18 16
10 19 17
12 18 17
20 14 18
7191
1113 13
12 22 18
16 20 20
23 15 16
16 171
716 17

Vﬁl/l? W and /49:7(11&1/4

Coly C4c

0.25 S
0.13 -

0.16 -

Purity

99.50
99. 40
99. 50
98.60
98.60
98.90
99. 49

99. 50

99.70
99. 40
89. 50
98.60

98. 80

99. 50

LOX
Volume

27,800

10, 300

27,200
5

F

£
<4, 000
<4, 000
25, 000

7,600

25,000
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TABLE [X (Cont'd)

Location LOX
(Pad or Date CO9 THC CH4 CoHp Cy+ Purity Volume
Plant)  Sampled  Sample (ppm) (ppm) (ppm) (ppm) (ppm) (Mol %) (gallons)

1160 1/6 1 8 10 11 - - 99. 80 -~
1160 1/19 2 61 7T 12 - - 99,70 -
1160 1/21 3 63 -7 15 - | - 99.70 --
1161 2/3 4 110 3 11 - - 99.60 --
1161 2/14 5 74 80 22 - - 99.70 -
1161 2/17 6 52 16 12 - - 99.70 -~
1160 2/23 7 36 15 14 - - 99.90 --
1161 2/21 8 >100 15 15 - - 99.170 --
1161 3/9 9 %5 12 13 - - 99.60 © -
1161 3/9 10 04 12 13 - - 99.60 -
1160 3/15 11 47 13 16 - - 99.170 --
1160 3/20 12 50 13 14 - - 99.50 --
1161 3/29 13 10 12 12 - - 99. 60 --
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pended in the LOX and was taken as part of the liquid sampte. The
COg9 concentrations found in the samples from the complexes were
in the range from 10 to 40 ppm with the average around 20 ppm. In
confract, the CO2 found in the samples from the LOX production unit
averaged higher than 50 ppm. with a few samples out of the range of
the analytical instruments.

The high COg9 obtained from the LOX production unit can be traced

to some extent to damaged filters in both LOX plants.  These filters
were in the process of being repaived during this program and the
success of the repair effort can be scen in the last two samples from
the 1161 LOX plant, with CO2 contents of 9.5 ppm and 24 ppm.

Although the sampling of suspended solids is far from exacl, the
relative uniformity ol the COg9 analytical results indicate that the
suspended solid CO92 must have been distributed quite uniformly in
the bulk of the oxygen liquid. However, it must also be pointed out
that the CO2 results given in Table IX should not be taken as a true
measure of the CO2 inventory, since considerable solid CO92 probably
softled in the tanks.  This point is illustrated by Figure 21 where the
CQg2 concenfration and the residual liquid oxygen voiume al Pad 12
are plotted as funeiions of time. The TOX in this storage tank was
allowed to boil away undisturbed for o period of 65 days.  Although
diere was no chance for any significant amount of the original CO2

to Teave the system the apparent CO2 concenfration hardly changed
while the volume of liquid oxygen decreased by a factor of eight. This
indicates that the excess solid CO92 settled to the bottom of the tank.

Hydrocarbons

The results from the hydrocarbon analyses, which included tofal
hydrocarbons (THCY, methane, acetylene, and butane and heavier
hydrocarbons (Cg0). present a picture of relatively uniform and
almost insignilicant hydrocarbon contamination, both at the LOX
plants and at the active pads. With the exception of acetylene, the
only other hydrocarbon detected was methane, the least hazardous
of the hydrocarbons,  There was only a small {approximately 257)
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increase of the methane concentration from the production plant to
the final use of the LOX in a missile. The average concentration

of methane was 13.5 ppm from the plant and 17.1 ppm from the active
pads.

However, this was not the case for the inactive storage tank at Pad 12,
as shown in Figure 22. In this figure, the hydrocarbon concentration
and the residual liquid oxygen volume are plotted as a function of time,
The last five samples were taken while the LOX was boiling off un-
disturbed. During this period, the volume of LOX decreased by a
factor of cight, while the concentration of hydrocarbon (methane)
increased only by a factor of three. Although a simple extrapolation
of the hydrocarbon curve would lead one to expect thai the methane
concentration would not reach dangerous ievels by the time all of the
LOX was evaporated, the upward break toward the end of the curve
shows that the methane rate of concentration may increase rapidly
toward the end of the evaporation period.  This would mean that the
last few gallons of LOX to boil away could contain dangerous concen-
trations of methane.

With the exception of acetylene, no evidence was found of any hydro-
carbons heavier than methane in the samples. Tt is not likely thatl any
of the heavier hydrocarbons such as lubricants would be detected in

the samples even if they were present in the LOX since the solubilities
of these hydrocarbons in liquid oxygen are so slight as to be unde-
fectable by the analytical techniques used.  There is no simple technique
currently available for monitoring insoluble hydrocarbons in liquid
oxygen.

Purity

There was no conclusive pattern to the results oblained from the purily
analyses of the samples as shown in Table XII.  All samples from the
LOX production unit proved better than specifications {99.5%). In
comparrison, half of the wamples from the complexes were below speci-
fications for purity. It is reasonable to assume that the impurity was
principally nitrogen and that it resulted from the technique of pressurizing
the LOX tanks with nitrogen gas, I is interesting to note that Pad 14

was consistently above specifications, while Pad 20 was consistently
below specifications.
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Figure 23 shows the pattern of oxygen purity in the tank at Pad 12
as the LOX slowly boiled away. It is probable that the residua

oxygen purity in the tank shortly after launch was below specifi-
cations due to nitrogen pressurization; this was followed by pre-

ferential nitrogen evaporation during the long boil-off period.
Effect of Activities ~ Storage Tanks

Relatively few samples were obtiained following activities which
involved the storage tanks. Examination of the resulls (Table X)
shows little difference between these samples and the normal run
of samples. However, a slight statistical trend shows that the

LOX in a storage tank will be at its highest purity shortly after
topping the tank,

Comparison ol Analytical Resulls

Table XI presents dircet comparisons belween the resulls obtained
at Air Products and the results obtained with duplicate samples at
Patrick AFB Laboratory. The last sample (API No. 59) is the single
sample which was analyzed by both laboratories. In general, the
results between the two laboratories disagreed considerably in the
analyses of COg and methane. However, there was fairly good
agreement between the purity analyses of the two laboratories,
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L.ocation
~(Pad)
11

11

11

13
13
14
14
19

19

* Hours after activity.

SAMPLES ASSOCIATED WITH

Date

A Phodols and [r){e@:{r(ubazfi

TABLE X

Activity

Sampled

3/6

3/13
3/15
1/16
3/15
3/20
2/1

9,/17
1/18

1/25

Tanking Test

Topping

Topping

Topping

Topping

Topping

Topping

Topping

Topping

Topping

STORAGE TANK ACTIVITIES

_Analysis

Sample Eﬁoz
Time* __(ppm)
1 25
1 11
14 9.5
) 13
1 25
b 13
1 14
2 14.5
1 17.5
3 16556

81

Mcthane
(ppm)

22

15

16

17

23

15

21

15

20

13

Purity
(Mol %)

99. 55
99. 45
99. 53
99.30
99. 717
99. 76

99. 55

99. 65

99. 45

99. 40




A ﬁoafaﬁ and A){emzbafd

TABLE XI

COMPARISON OF DUPLICATE SAMPLES

API* and PAFB*+

Location  Date STple No. CO2(ppm) - Methane (ppm)  Purity (Mol %)
API  PAFB

(Pad) Sumpled  API PAA'** AP PAFB AP PAFB

14 2/1 16 294 14 16 21 21 99.55  99.60
20 /0] 17 307 10.5 11 13 9 99.5 99. 55
14 2/9 21 365 22 155 20 7 99.55  99.3
14 2/11 30 496 15 4 15 4 99.65  99.65
13 3/8 43 650 17 6 15.5 4.5 99.5 99.4
1 3/13 48 691 11 0 15 4 99.45  99.¢
11 3/15 51 726 9.5 5 16 1 99.53  99.4
13 3/15 53 734 25 12 22.5 0 99.77  99.7
11 3/20 57 gih 10 4 16 4 99.35  99.4
13 3/20 8 778 13 11 14. 5 4 99.75  99.175

U 3 99.45 995

[y

11 3/16 50 743 15

* Air Products, Incorporated
¥ Patrick Air Forcee Base

*HOPan American Airways
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[Il. SUMMARY

SIGNIFICANCE OF CONTAMINANTS

The three significant types of contaminants in liquid oxygen are:

(1) combustibles, (2) inert solids, and (3) dissolved inerts. The
combustibles may range from completely soluble to completely in-
soluble.  The chief objection to combustibles is the fire and explosion
hazard should combustibles concentrate in the oxygen handling system
and should an ignition source {initiator) be present. Dissolved com-
bustibles whose lower flammabilily limit is greater than its solubility
in liquid oxygen are not especially hazardous if the concentration of the
contaminant is less than the solubility concentration, All combustibles
are especially hazardous if present in concentrations greater than the
solubility limil because the lower flammability concept does nol apply
to discrete liquid oxygen - solid combustible phases. Acetylene is the
most hazardous combustible contaminant because: (1) it has very

low solubility, (2) it may be present in concentrations greater than
the solubility limit, and (3) it can be readily triggered into ignition,

Inert solids are hazards because they (1) may interfere with the
operation of mechanical equipment, (2) may cause erosion and plugging
of fluid passages, and (3) may accumulate high voltage charges ol stalic
clectricity.

Dissolved inerts are principally nitrogen and argon whose presence
dilutes the oxygen and adds unusuable weight to the propellant system.

SOURCES OF CONTAMINATION

The primary source of contamination is the air stream to the separation
plant which proeduces the liquid oxygen.  Within the plant, contamination
may be added by the compressors, filters and other equipment, and some
contaminants are removed.  The produced oxygen contains nilrogen, argon,
and small amounts of acetylene, carbon dioxide, water, and light hydro-

carbons.

The teansfer of Hquid oxygen Trom the plant to Faunch pad storage presents
an opportunity for dirt, hydrocarbons, and atmospheric contanimants to
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be carried into the system,

The pressurization of the stored liquid with nitrogen gas results in the
accumulation of nitrogen in the liquid oxygen, as well as the introduction
of contaminants which may be present in the nitrogen,

Other sources of contamination are the solvents and soiids remaining
from fabrication or cleaning operations, and the material contributed
through deterioration of mechanical equipment.

DEGREE OF CONTAMINATION

Throughout the "life" of the liquid oxygen, contaminants may increase

or decrease in concentration due to evaporation of a portion of the oxygen
and due to inadequate mixing or "pocketing' of solids. The history of

the oxygen is therefore important and should be reflected in liquid specifi-
cations and equipment design.

CURRENT SPECIFICATIONS FOR LIQUID OXYGEN AND BQUIPMENT

The current liquid oxygen specilications reflect confusion in the units
used to express concentration.  The total hvdrocarbons, expressed s
220 ppm by weight as carbon in the use specification, is in hazardous

quantities at this concentration when expressed in ppm by mole as
carbon,

A comparison of the equipment cleanliness specification with the interim
procurement specification shows that the liquid oxygen must contain less
solids than the propellant loading system,

From this summary of the work to date on this study of liquid oxygen con-
tamination it is apparent that consideration should be given to revising
segments of the specifications, and to continue studying other segments
of the specifications.

SOURCES AND MECHANISMS FOR IGNITION
An analysis was made of the available information on electrostatic charge

ceneralion and bhuild up while transferving Hiquid oxygen  Pure liquid
oxyeen does nol venerate a charge. Charge build up is greatly cnhanced
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by contamination by solid particles and soluble polar materials, parti-
cularly water. The charge generation rate increases with veloceitly
and with decrease in line diameter.

The electricity conductivity of LOX has a marked cffect on charge build
up.  Below 10-15 mho /em no charge will be built up, Above 10-11
mho/cm leakage to the ground will prevent charge build up. Monitoring
the electrical conductivity of LOX and delib_rate addition of non-hazardous
impurity to increase the conductivity above 10-11 mho,/cm may he {wo

new safety measures for such systems.,

In general, grounding tanks and lines, maintaining a very low level of
impurities and solids in LOX, and using low velocities and large dia-
meters of flow lines are recommended.

CARBON DIOXIDE FILTRATION

Solid carbon dioxide cannot be satisfactorily filtered, Under the condilions
occurring in the transfer of liquid oxygen al missile launching sites, The
extireme turbulence existing in the warm lines and warm missile tank
preludes the agglomeration of the COg particles necessary to promote
filtering,

Complete removal of both solid and dissolved CO2 from the lquid oxygen
is indicated, since vaporization of the liquid will cause the CO2 which
will not vaporize at that temperature to precipitate from solution,

However, such a recommendation cannot be made uniil an agreement is
reached as to whether or not solid COg in the missile liquid oxygen is a
definite problem,

PURITY ANALYSIS SURVEY AT CAPE CANAVERAL

Liquid oxygen, as produced in the liquid oxygen facility at Cape Canaveral,
meets the specifications for purity, total hydrocarbons, moisture, and
acetylene as required by procurement specification MIL-P-25508C

(7 November 1960),

The liquid oxyeen (LOX) sampled at the various pad storage tanks at Cape
Canaveral meets the specifications for total hydrocarbons, moisture, and
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acctylene, but in a number of cases the LOX did not meet the specification
for purity. The low purities may have been due to Lo technique of
pressurizing LOX storage tanks with nitrogen gas.

The total hydrocarbon contamination found in the liquid oxygen was methane,

In all of the samples taken, carbon dioxide was found in quantities well
above its solubility in LOX which indicates that solid CO2 was present in
the LOX. No conclusions can be drawn at this time as to the effeets of
solid CO2 in liquid oxygen.

On the first samples tested, different analytical techniques were found to
give different results for CO9. These differences were resolved by im-
proving the methods used for standardizing and calibrating the infrared
analyzer,

Some disagreement was found between the results as obtained by the
Air Products Laboratory and those as obtained by the Patrick AFB
Laboratory on equivalent samples. The disagreements have not been
resolved at present but  may be due to the standardizing technique used
by the Patrick Laboratory for their infrared spectrophotometer,
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IV. RECOMMENDATIONS

Based on the foregoing discussions, liquid oxygen as produced in
present~day plants, hoth commercial and government, meets the
purity and contaminant limitation requirements established for its
purchase and use in the missile program. Continuous analyses are
required at the production facilities and atl various stages of hiquid-
oxygen storage and transfer to assure that these purity levels arve
maintained.

It is thercfore recommended:

(1) Purity analyses should be performed continuousty at the
generating plant on the liquid oxygen {rom the bottom of the
tow pressure column (reboiler or condenser) using a continuous
monitoring thermal conductivity or paramagnetic analyzer,
This instrument should have a full scale range no greater than
5.0 mol % oxygen (95% ~ 100% full scale range), I would be
preferred, particularly if the analysis is performed by thermal
conductivity that the full scale range be 1,0 or 2,0 mot %,
(99 - 1007 and 98 - 100 purity respectively). The liguid sample
should be vaporized to a gas for these analyses either hy the
line tap-coil vaporization technique or through the use of a
separitor-vaporizer device,  Since warm boiling contaminants
will also be determined on this sample, the separator-
vaporizer device would be preferred, since it could then supply
samples for all of the analysis requirements. A chemical
orsat apparatus should be employed at the plant site for the
analysis of calibrating and "zero” gasces for use on the con-
tinuous monitoring purity analyzer. The buretle should be
calibrated in 0, 05 ml divisions between the 99 and 100 ml
marks., It should be calibrated in 0.1 ml divisions between the
95 and 99 m! marks,

(2) Total hydrocarbon and carbon dioxide analyses should also he
performed continuously on the product from the plant as removed
from the bottom of the low pressure column  reboiler, or con-
denser,  The liguid sample should be vaporized through the use
of a separator-vaporizer technique wherein it is assured that no
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concentration of these warin boiling contaminants can take
place due to preliminary partial vaporization or fractionation,
These analyses should be accomplished with a Luft principle
(non-dispersive) infrared analyzer sensitized for carbon
dioxide in conjunction with a catalyst furnace for the con-
version of the soluble hydrocarbons to carbon dioxide, The
analyzer should be of sufficient sensitivily so that the full
scale range is al least as low as 0-50 ppm, and have an
accuracy L 2% of the full scale range.  Zero and calibration
gases necessary for non-dispersive infrared analysis should
be checked for accuracy. Zero gas (nil CO2 content) can be
verified by the analyzer. Span or calibration gas can be
verified by comparing il with a known CO2 contnet gas such
as air,

Acetylene concentration in the product oxygen, as removed from
the bottom of the low pressure column, reboiler, or condenser,

should be determined once or twice cach eight hours of plant
operation.

A sample should be collected as a liquid in a dewar observing

the precautions concerning air contamination and precooling as
outlined in the comments on sampling method A.  Analysis should
be by either the long or short Tlosvay (copper acetylide) method.
In either case the test should be commenced on the liquid sample
as quickly as possible after it has been collected to prevent
excessive concentration of the acetylene due to vaperization of
the sample.

Water analyses are not required on the product from a liquid
oxygen plant.  The equilibrium concentration of water (ice)
dissolved in liquid oxygen is so low that it cannot be detected

by either electrolytic hygrometry or a mirrored surface dew

point apparatus, Either of these analytical techniques are

capable of detecting water vapor {o a level of 1 ppm (approximately
~100"F dew point).  An apparatus of cither type is required for

the stored liquid contaminant analysis described in paragraph

(5) below. Occasional samples from the hottom of the low
pressure column, reboiler, or condenser as obtained with the
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separator-vaporizer device should be used to "zero' the water
vapor analyzer.  Any measurable water content in gascous
oxygen which has been derived by vaporization of liquid oxygen
indicates contamination during handling operations, the water
having entered the system subsequent to the oxygen generation.

(5) Analyses of the stored liquid from the plant storage facilities
and any other subsequent storage arcas should be performed in
a periodic manner to determine contaminant concenlration due
to vaporization, and loss of purity due to contamination in
transfer and handling.  The frequency of this testing should be
dependent on the speerd of movement of liquid through the
storage facilities and on the opportunity for acquiring repre-
sentative samples.  As has been mentioned throughout the fore-
going report in discussing sampling, a representative liquid
sample can only be obtained from a storage tank when the
liquid within the tank is well mixed immediately after some
exercise has been performed on the liquid such as filling,
draining. pumping, cte. The sample shonld be obtained by a
trapped liquid vaporization technique which does not permit
atmospheric contamination and which prevents the higher
boiling contaminants in the liquid from concentrating due to
vaporization. With a vapor sample obtained in this way,
analyses for total hydrocarbon, carbon dioxide, water vapor,
and purity could all be performed with the same cquipment which
is used for moniloring the generating plant product stream,
The analysis for purity would give good insight into whether or
ot handling and transfer contamination had occurrec before,
during, or alter storage. The analysis (or carbon dioxide and
water would also supply information concerning handling con-
tamination problems and would give data concerning the amount
of boil-ofl (vaporization) concentration of contaminants which
occurs as the product is handled. The total hydrocarbon analysis
would also ¢give good insight into the boil-off vaporization con-
taminant concentration problem and would be useful in deter
mining hazardous conditions which might exist due to hydrocarbon
concentration.

The remaining analyses required on the stored liquid would be
for particulate count and acetylene determination,  These analyses
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should also be performed periodically on the liquid in a well
mixed storage facilily. The most reproducible particulate
matter data would be obtained by using the gravimetric technique
wherein the particles contained in a certain volume of liquid are
weighed after being filtered and are reported as a weight of
particulate matter per standard volume. This test could casily
be performed at the plant generating site where the other
analytical equipment is located. Tt would require a fillering
device, a speciatized analytical balance, oven, and reladively
small amounts of reagents and laboratory glassware. The
acetylene determination could be performed at the sample site
with the portable quick test apparalus and if any indication of
acetylene is evident, a sample should be returned as quickly

as possible to the laboratory facility at the generating plant
where equipment for performing the long test might be located.

With the above scheme of continuous and intermittent analyses, a complete
knowledge of the purity and the major contaminanis will always be available
for the user. Plant product will be continuously analyzed so that an
average purity and contaminant level will be available for investigation

avd the major problems concerning safe operation of the plant will be
overcome.  Depending on the frequency of the intermittent analyses from
the storage facilities, any increase in contaminant level or decrease in
purily due to mishandling or excessive vajorization in the storage tank
could he ascertained and remedied.

SPECIFICATIONS

Maximum Limifs

Total Hydrocarbons 500 ppm (methane equivatent -
mole basis)
Acetylene 4 ppm (mole basis)

These maximum limits provide little margin for safety and must be
regarded as unsafe. It is recommended that, if total hydrocarbons
reach 500 ppm or acetylene reaches 4 ppm, no further handling he

performed except for immediate emergeney measures designed to

safely dispose of the Hquid oxygeen,
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The maximum limit for acetylene is based on the solubility of acetylene
in liquid oxygen. Hydrocarbons containing more than four carbon atoms
would not appear in detectable amounts in the course of routine operations,
so the maximum limit of 500 ppm for total hydrocarbons is based on the
solubility limit of isobutylene, the least soluble of the light hydrocarbons.
Isobutylene is rarely found in liquid oxygen, and it is considered that the
maximum limit of 500 ppm, which is also taken as the basis for usc and
procurement limits, is conservative for the normal run of liquid oxygen.
Methane generally comprises the bulk of the total hydrocarbons in liquid
oxygen and the maximum limit could be relaxed considerably if methane
concentration were determined separately.

Use Limits

Total Hydrocarbons 315 ppm (methane equivalent -

mole basis)
Acetylene 1.2 ppm (mole basis)
Particulate Matter 2.9 mg/liter

The use limits are considered to apply at the last point that corrective
action can be taken, that is, in the stcrage tank used to supply the
missile tank, At times, it is necessary to load liquid oxygen into a
missile tank, hold for a period of time and subsequently return the

liquid oxygen to the storage tank., The use limits recommended for

total hydrocarbons and acetylene are based on the supposition that liquid
oxygen will pass twice through a load-unload cycle and that the resulting
concentration should not exceed 90% of the maximum limit. If experience
with a particular load-unload system shows that a different vaporization
rate occurs, the use limits should be revised accordingly.

The suggested use limit of 2.9 mg/liter for particulate matter is based

on a tank-cleaning specification which allows this amount of contamination.
It is of little value to require that liquid oxygen in a tank be cleaner than
the tank-cleanliness permits.

No use limit is suggested for argon since it is presumed that, due to
preferential vaporization, argon concentration will always be lower
than procurement specifications,

No use limit is suggested for nitrogen because nitrogen pressurization may
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or may not be used.  The limit for nitrogen impurity must be
determined for individual facilities and will depend on the mission
requirements.

No uge Iimit is sugeested for carbon dioxide and water because the
effeet of solids on the infended use of the Hquid oxygen, an important
part of this program, has not yet been studied

Procurement Specifications Limits

Total Hydrocarbons 50 ppm (methane equivalent -
mole basis)

Acetylene 0.2 ppm {mole basis)
Total Tmipurities 0. 5% {(mole basis)

The procurement specifications are considered to apply to the point at
which liquid oxygen enters the propellant-loading system, i.c., the
trailer delivering tie Hquid oxygen from the plant to the aunchsite
storage. With this specification, proper quaiity conlrol can be exerciced
hy producers whe may be supplying liquid oxygen from a number of
different generating sites.

The above procurement specifications are based on the established
ability of liquid oxygen manufacturers to supply liquid oxygen of the
required quality on a routine basis.  Under normal handling conditions,
liquid oxygen may undergo a total vaporization of 75 percent from the
time of procurement fo the time of final use in a missile. This [igure
has been estimated from the following assumptions: 13 pereent is lost
while loading a trailer from a tank car and unloading into the launch-
site storage tank: 0,25 percent per day is lost from the storage tank;
the liquid oxyeen is stored for one year: two cyeles of loading and un-
foading the missile tank are performed with 15 percent loss in each
cycle, Thus, il can be seen that the non-volatile impurities may be
concentrated about fourfold from procurement to use.  Starting with
the procurement specifications, the total hydrocarben content at use
would be 200 ppm and the acetylene content would be 0,8 ppm, well
below the respective use limits of 315 ppmoand 1.2 ppm,

The total impuritics are principally argon with small amounts of
nitrocen, acetylene, hydrocarbons, carbon dioxide, and water. With
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a Th pereent vaporization loss, the original total impurities will have
dropped from 0. 5% to about 0, 37.

OPERATICN
Equipment Design
Launch-Site Repurification

In present liquid-oxygen propellant-loading systems, the ever-
changing compoesition of the liquid, due to evaporation, will result

in the accumulation of contaminants to a point which may threaten
safely and reliability, At the present time, the only means for
dealing with this condition is {o periodically discard some of the
lquid oxygen. Discarding liquid oxygen may also be necessary in

the event of unexpected contamination.  Both conditions could be
remedied by use of launch-site repurification, with possible economice
or tactical advantages over the peviodic dumping of liquid oxygen.

Based on current industrial practice in liquid-oxygen generators,
purification by adsorption is the recommended approach. Using
this technique, liquid oxygen from a Lauunch-site storage tank would
be recirculated through an external adsorber {for removal of the
contaminants.  The effecliveness of this system would depend upon
the adsorber design and storage tank configuration.  An expanded
discussion of adsorber design and repurification rates is presented
in Appendix B.

It is recommended that o detailed study be made of the possibilities
of repurification by adsorption, This study would require additional
design analysis and experimental work, Tt is expected that the
cconomics of repurification would be reasonable in view of the
increased reliabylity of the faunch-site vquipment.

Improvement ol Fquipment and Piping

As indieated under "Decrec of Contamination™,
pipine, in some cases. leaves much to he desired U is recommended

that prosent equipment and piping be examined with a view toward
climinating dead ends and providing adequate through flow. To accomplish

i

present equipment and

«_————T‘m—_
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this. il may be necessary to rearrange piping or install drain
lines.  Some specific examples are rearrangement of the piping
on storage tanks as indicated in Figure 3, and installation of a
drain line on liquid-oxyegen catch-tanks (Figure 4).

It is further recommended that consideration be given to positive
(lushing action in the design of future installations.  For example,
storage fanks could be designed for vertical orientation, with
conical bottom sections as iltustrated in Figure 24.

Transfer Procedure

It has been stated in the Discussion, that one of the major sources of
atmospherice contamination is the transfer operation in which temporary
connections are {requently made and broken. It was also pointed out

that contamination can occur either by trapping a portion of the atmos-
phere ina warm line or by allowing the atmosphere to enter and deposit
condensables inside cold equipment,  Both mechanisms {for contamination
can be controlled by strict adherence Lo proper procedures, The (rapped
portion of the almosphere may be removed by adequate purging before
transferring, and condensables may be prevented from entering cold
cquipment by allowing the equipment to warm before disconnecting,

It is recommended that suitable transfer procedures be established and
[ollowed 1 order to reduce atmospheric contamination.  In some cases,

it may be necessary to redesign transfer piping in a manner similar to
the armngement shown in Figure 25, With such an arrangement,

suitable performance could be obtained using a procedure such as follows:

Using normal practice in removing caps and seals prior to making
such connection, the supply unit and liquid receiver are conneeted
with flexible hose,

Valve No, T of the supply unit is opened and the initial vapors,
followed by liquid, are allowed to flow through the hose and
vend through Valve No, 2.

Whoen Hquid oxygen discharges through the vent from Valve No, 2,
valves No,o 3 and No, 4, which are normally closed, are opencd:
Vialve No, 2 is then closed, diverting flow throuch the filter to




the vent through Vent No, 4.

When liquid flow reaches the discharge of the vent line through
Valve No. 4, Valve Noo b5 is opened and Valve No. 4 is closed.

Transfer procecds between the supply unit and the roceiver

When transfer is complete, Valves No.o 5 and No. Tare closed,
and Valve Noo 4 is immediately opened {o vent, followed by
closing Valve No. 3 and opening Valve No. 2.

When gas flow through Valve No. 4 vent is reduced, Valve No. 4
is closed: the filter is isolaled and as it continues to warm, the
filter pressure will increase until the pressure reliefl valve
opens (at a nominal pressure of 100 psig).

When the flexible hose temperature exceeds the dew point ol the
ambient air (as indicated by the disappearance of frost), un-
coupling may proceed, using normal practice in replacing caps
and seals as soon as each disconnect is made, I defrost of the
line is too prolonged for the operations concerned, flowing water
or other means of increasing the heat flow to the Tine may be
cmployed.

The above arrvangement and procedure would be a valuable step in a
progranm aimed at controting unpredictable contamination, and could
be provided at small capital expense,

[t is further recommended that consideration also be given to other
approaches such as dry nitrogen blanketing and quick-disconnect
fittings,

Further work should be done on the problem of solid CO9 in missile
liquid oxygen,  Tests should be conducted to determine if that material
docs actually ereate undesirable conditions during a missile fanking

or shoot, I the answer is positive, the CO2 should be removed by
[iltration and adsorption: if negative, a filler as:.ombly should he designed
which will pass the COy particles but withhold other undesired particles
(rust, sand, lint, ete )
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Film Ignition

It is strongly recommended that further work to be done on the ignition
of hvdrocarbon films. I the proposed 100 milligram per square foot
limil can be substantiated by further tests with other greases, oils,
ote., the missiles program may save much meney, time and in some
cases, project delays by the simplification of present eleaning methods.

Static Charge Generation: does not seem {o be a problem in handling
of hquid oxygen having the normal amounts of contamination,  The
normal procedures of grounding equipment, preventing sloshing in
]
1

tanks, ete. should be followed,
Purity Analysis Survey al Cape Canaveral

With the exception of the possible additional carbon dioxide requirement
as oullined below, the Air Forcee should maintain MIL-P-25508C (Military
Specification, Propellant, Oxygen) as it exists regarding the level of
purity, and the amounts and types of impurities present in lquid oxygen.

It should be determined if B2 presence of solid carbon dioxide in a
missile tank is detrimental to the operation of ils liquid oxygen flow
and flow control system.,

Until such time as it is determined whether COg is a hazard in a missile
system, the procurement specification should be revised to limit {he
level of carbon dioxide to below its solubility in liquid exygen,  This
value is approximately 5 ppm {molar) at the normal boiling point of
liquid oxypen.

It is suggested that the Patrick Laboratory incorporate a calibration gas
preparation procedure similar fo that used at the Edwards Air Foree
Base Flight Test Center Laboratory.  This apparatus utilizes a micro
manemeler to measure the volumes of gas used in preparing the
standardization mixtures, and the mixtures are prepared directly in
the analyzer gas cell, ehimihating potential errors from gas (ransler
or diff ision, (This standardization technique was used at Edwards

Alr Foree Base in preparing a methane in oxyeen calibration curve,
The results of three analyses for methane on the Edwards 75 tons per
day PLant Hiquid oxyeen product showed an average of 13,5 ppm. The
resulls of all of the analyses for methane from the wdenticad 75 tons per

‘
.

day Plants at Cape Canaveral in this report also averaged 13,5 ppm )
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APPENDIX A

LIMITS FOR FLAMMABLE CONTAMINANTS

Flammability Limits

For a mixture (o be flammable. several conditions must exist

(5. 16). Proper quantities of fuel and oxidant as well as a source
of ignition must be present. An exception to this rule is the de-
composition under certain conditions of some chemicals which

have negative heals of formation ~ acelylene, silver acetylide,
ozone, and others - without the need of any agent. These materials
are hazardous by themselves and play a part in ignition. Hazardous
conditions, in general, are avoided by preventing the simultancous
appearance of all three of these factors.

In the case of liquid oxygen the oxygen, obviously, serves as the
oxidizer and cannot be climinated. Not all sources of ignition
arc known, so positive control of the mechanism of ignition is
difficult,  Control of the fuel remains as the safest means of
avoiding a hazardous condition, However, the avoidance of fuels
does not necessarily mean that ignition sources or initiators are
to be ignored.

Much is known aboutl flammable Hmits of gases in air {5), and the
underlying theory of combustion has been studied extensively (16).
Data on combustible limitls in gaseous oxygen, although not as
complete as inair, are also available. However, data on combustible
limits in liquid oxygen arce very meager, although this is not as great
a handicap as it might seem.  Further discussion will show that safe
generalizations may be used as guides for combustible limits with
tiquid oxygen.

Table A-I presents the Tower flammability limits for various gases
in both air and oxygen at ambient temperature and atmospheric
pressure. It can be scen that the limits for all of the pases listed
are practicaltly the same for both cases, indicating that the limits
are set by the concentration of fuel, providing sufficient oxygen is
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present.  On this evidence, it may be presumed that {lammability
data obtained with air may be used as if it were obtained with
gaseous oxygen. It is also interesting to note that, on a methane
equivalent basis, flammabilily limits for the hydrocarbons are all

approximately the same.

Comparing {lammability limits in liquid oxygen versus flammability
limits in gascous oxygen, it may be predicted that, in genecral,
more fuel will be needed with liquid oxygen than with warm gaseous
oxygen, This prediction is supported by a consideration of the
requirements of combustion. For combustion to be self-supporting,
sufficient energy must be produced by the burning portion to raise
the adjacent mass to kindling temperature. If liquid oxygen is used
in place of gaseous oxygen, additional heat is required both to
vaporize the oxygen and {uel and to warm the vapors to ambient
temperature, This additional heat can only come from additional
fuel, Thus, it may be assumed that, where experimental flam-
mability data is lacking for liquid oxygen, margin of safety is
supplied by using data obtained with air cr gaseous oxygen.

S(_)lubility

In the above discussion of flammability limits, it was assumed that
the mixtures of fuel and oxygen were homogeneous, However, in
actual circumstances. it is unlikely that concentrations of hydro-
carbons would be permitted to approach the flammability limit,
Table A-II presents the solubilities of the various hydrocarbons in
liquid oxygen compared with their lower flammability limits.
Solubility as a function of temperature is presented for the saturated
hydrocarbons in Figure A-1 and for the unsaturated hydrocarbons in
Figure A-2, It can be seen that, except for methane, ethane, and
propane, the solubility limit is reached well below the flammability
limit, Concentrations above the solubiiity limit are as hazardous
as concentrations above the flammability limit, This means that
hazard tolerance should be based on solubility limits instead of

flammability limits,

Although solubility is generally thought of as equilibrium between solid
and liquid phases, it can also be considered to be equilibrium hetween
immiscible liquid phases. Ethane, propane, ethylene, and propylene
are all reported (6, 18, 19) to form conjugate phases with liquid
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oxygen, In the cases of ethylene and propylene, the formation of

a second, fuelrich, liquid must be considered in the same category
as the formation of a solid phase, and with the same degree of
hazard. The concentration of hvdrocarbon in the oxygen rich phase
would be termed the solubility.,  Considerable data on solubilities
of combustibles in liquid oxygen are available in the literatare

(6, 8. 10, 11, 13, 14, 16, 18, 19, 22, 23, 25 and 31).

Initiators

An initiator is defined as an energy source of such a magnitude and
mtensity that a fuel-oxidant reaction can occur providing the fuel
oxidant mixture concentration is within the flammability region.
Initiators can be chemical, thermal, electrical, and mechanical in
nature. The infensily of the energy source refers {o the energy (or
1eniperature) level, and magnitude refers to the total quantity of
energy released as kindling.,  The potential chemical initiators, ozone,
and the nitrogen oxides are discussed at length below. A discussion
of thermal initiators such as electric matehes, blasting caps,
external heat, and thermite bombs is beyond the scope of this projeet,
Flectrical initiators such as static electricity discharge, which is
venerated within the lquid oxygen handling system, are a part of

this project. Mechanical initiators such as adiabatic bubble com-
pression, fluid friction of high velocily solid particles, mechanical
[riction of valves, and pump bearings and shock waves induced by
fwater hammer® also will be studied,

Ozone has been shown experimentally to react with unsaturated hydro-
carbons al lquid oxygen temperatures and to increase the ignition
sensilivity of liquid oxygen-fuel mixtures in the flammabel region
(14)j. Flammable mixtures of liquid oxygen-fuel have been ignited

by ozone (4, 14, 18, 23, 28), Explosive reactions between ozone
and nitrogen trioxide or tetroxide at temperatures well above - 297° 1
(29; and explosive decomposition of ozone itself at =150" F (12) have
been reported,  Inall experimental work, relatively large quantities
of ozone were used.  However, despite the evidence of its ability

to initiate combustion, there is no reported evidence in the Titerature
of the presence of ozone in hiquid oxygen. One team of investipators
report the possibility of trace quantities (22),

104




At Phodits and (Homicals

INE

Experiments with nitric oxide and nitrogen dioxide show that
neither react with unsaturated hydrocarbons at -297° F and that
they do not increase the ignition sensitivity (in some cases,

even lowering the sensitivity) of flammable liquid oxygen-hydro-
carbon mixtures (14). If ozone (al least more than 200 ppm ozone
for mixtures studied) is introduced into flammable liquid oxygen-
unsaturated hydrocarbon mixtures containing nitrogen dioxide,

the ignition sensitivity is increased to a greater extent than that
due to ozone alone (14). Nitrogen dioxide added to a liquid oxygen-
ethane mixture just below the lower-{lammable-limit concentration
had no effect on the limit (18). Nitric oxide reacts with oxygen

at temperatures slightly above -297°F and very violently at -265°F
(21),

Experiments with gaseous nitrous or nitric oxides have shown them
to be flammable but no ignition occurred when cach sohid oxide was
slurried in liquid oxygen (18). Cocrystals of nitrous oxide and
acetylene containing more than 25 mol percent of the ialter were
ohserved experimentally to have the same ignition sensitivity in
liquid oxygen as acetylene (26).

Data on the presence of initiators and sensitizers in liquid oxygen
and knowledge of their effects are meager. The safest course
appears to be the avoidance of flammable liquid oxygen-fuel
mixtures and the prevention of the oceurrence of chemical, thermal,
and mechanical initiators,
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TABLE A-T1

LOWER FLAMMABILITY LIMITS OF COMBUSTIBLES

Gas Alry Oxygen (Gas)*  Oxygen {Liquid)**
Hydrogen 4.0 4.0 ————
Methane 5.0 5.1 11.0
Ethane 5.0 3.0 4,0
Propane 2.2 2.3 ———
Butane 1.9 1.8 ———
iso-Bulane 1.8 1.8 ————
Ethylene AR 3.0 ——
Propylene 2.0 2.1 _—
Butene-1 1.6 1.8 ————
Butene-2 1.8 1.7 N
i-Butylene o 1.8 -—- S
Carbon Monoxide 12.5 15.5 -

All values are given in mole percent (not methane equivalent).

* Reference 5, ambient temperature, atmospheric pressure.
¥ Reference 18, -207°F, atmospheric pressure.

108




Gas

Methane

Ethane

Propane

Ethylene

Propylene

i-Butane

Butene-1

n-Bulane

i-Butylene

Acetylene

TABLE A-II

Ay Phoduets and (7 ée{mcaz{t

SOLUBILITY OF HYDROCARBONS IN LIQUID OXYGEN

Parts Per Million by Mole

Solubility* at -297. 3°F
(Methane Equivalent)

980, 000

430, 000

150, 000

55, 000

20, 100

7, 640

4, 000

3, 440

T
Cad
o

* Reference 19
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Lower Flammability Limit
(Methane Equivalent)

50, 000

60, 000

63, 600

95, 000

60, 000

72, 000

64, 000

74, 400

72, 000

50, DOG
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APPENDIX B

ADSORPTION REPURIFICATION OF LIQUID OXYGEN

Since low-temperature adsorption-purifiers are already used in air-separation
plants to remove hydrocarbon contaminants and carbon dioxide, adsorptive
purifiers can be designed for stored liquid oxygen based on this experience.

The difference between the purification of stored liquid oxypren wnd purification

in an air-separation plant lies in the different conditions used for the process,
The hydrocarbon adsorbers in a generating planl normally operate at about -280°F
and 75 psia whereas adsorbers purifying stored liquid oxygen would operate at
about -297°F and slightly above atmospheric pressure. The effect of temperature
cn adsorber capacity has not been comipletely estiblished, but it may be parti-
cularly important for the components with low solubilities which are of interest.

Available data show that the adsorptive capacity for contaminants decreases
with 4 decrease in inlet concentration,  Since the coneentrations to

be handled in launch-site storage are lower than the concentrations dealt with
in air plants, the concentration difference must also be considered in adsorber
design.  Althourh conservative criteria may be used for the safe design of
adsorptive repurilication systems, il is desirable to obtain more quantitative
data on adsorbent characteristics before establishing final designs.

Since the build-up of contamination in stored liquid oxygen is generally a
gradual process, it would not be economically desirable to build individual
repurification units which would be idle much of the time.

Repurification Rate

The purification rate of a recirculation-adsorber depend primarily upon the
size of the circulation pump and the extent of mixing in the storage tanks.
During repurification through an external adsorber the liquid oxygen would be
subject to additional heat influx due to the adsorntion operation.  Liquid-
nitrogen refrigeration could be used to recondense any boil-off resulting from

such heating.

In the simplified analysis of repurification rates which follows, liquid-nitrogen
recondensation of the hoil-off oxygen is assumed.  (The amount of liquid nitrogen
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required would be small.) In addition, it {3 assumed that the circulating
oxygen leaves the adsorber completely free of contamination, although it is
recognized that this is true only for a perfect absorbent.

The following simplified models are considered in evaluating the probable
repurification rate:

L. Complete By - Passing

If the positions of the inlet and outlet lines leading to and from the re-
purification system are close to each other in the storage tank, it is
possible that complete by-passing will occur. Liquid oxygen flowing
to the adsorber will have been already purified and essentially no
purification will take place after an initial active volume has been
circulated thr ough the purifier. The positions of the inlet and outlet
lines in the storage tank, therefore, must be arranged to promote
thorough mixing of the contents. (Refer to Figure 3 in the body of

the report.

2. Complete Mixing

For the case of complete mixing, the concentration of contaminant will
decrease according to the equation:

dC
— = KkC
dt
where
C = concentration of contaminant in liquid oxygen.

i = time after start of purification, hours.

k purification coefficient (capacity of pump per hour
divided by storage tank capacity).

AWt < [PPRP SRS ¥ TP R —

The integrated form of this 2quation yields the new conceniration, C, of
the impurity in question:
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where

CO = initial concentration of contaminant.

The "half-life" of the purification system, i.e., the time required to
reduce the contaminant concentration by a factor of two is:

11‘/2 _ . 0. 6_9.4
k

Thus a tank containing 24, 000 gallons and connected to an external re-
purifier circulating liguid oxygen at a rate of 100 gpm will have a "half-

life' of:

t1/2 - 2.178 hours

Plug Flow

In the case of plug {low, the time to remove all the contaminant is pro-
portional to the volunie of liquid in the vessel divided by the pump rate,
For a 24,000 gallon {ank and 100 gpm pummn, the liquid will be com-
pletely purified in 240 minutes, or 4 hours, This, of course, is for
ideal conditions and will not happen except when pumping the entire
contents from one tank to another. Interestingly, the "half-life" for
plug flow is not much less than that for complete mixing, i.e., concen-
tration decreases Hnearly with time:
_ 0.5
tl/z i_{. m—

For the example cited, the "half-life' would be 2. 00 hours as compared
to 2. 778 hours for complete mixing.

Actual Flow

Actual recirculationzflow will be a mixture of the three possible flow
conditions with the decrease in contaminant concentration being somewhere
between the rates for the two extrome cases of flow, i.e., plug flow and
complete by-passing.  In launch-site storape-tanks equipped with inlet

and outlet piping arrangements such as illustrated previously in Figure 3(b),
the flow pattern should be more favorable to rapid repurification; the rate of
decerease in contaminant concentration could be expected to be closer to that
for plug Mow and complete mixing than for complete by-passing.
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APPENDIX C

LIST OF FILTER VENDORS

Aircrafi Porous Media, Incorporated
Glen Cove, New York

Arno Engincering Corporation
Meoriden, Connecticut

Bendix Filter Division, Bendix Aviation Corporation
Madison Heights, Michigan

Carborundum Company
Perth Amboy, New Jersey

Commercial Filters Corporalion
Me.rose, Massachuscetts

Dollinger Corporation
Rochester, New York

Harmon Equipment Company
Los Angeles, California

Micro Metallic Division, Pall Corporation
Glen Cove, New York

Purolator Products, Incorporaled
Rahway, New .Jersey
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APPENDIX D

STATIC LLECTRICAL DISCHARGE IN
LIQUID OXYGEN SYSTEMS

INTRODUCTION

Electrostatic charge accumulation and discharge are some of the more
common hazards in handling flowing liquid oxygen.  Normal safety
practice 1s to ground tanks, transter lines, and handling equipment. A
better understanding of the mechanism of clectrostatic charge build up
will contribute to safer transfer of liquid oxygen.

NATURE OF STATIC CHARGE

When the surfaces of two poor conductors of electiricity ave hrought
together and separated, electrons, and sometimes ions, ¢ross from one
surface to the other, resulting in equal and opposite charges on the two
surfaces,  The two surfaces can be continuous or non-continuous, both
moving, or only one moving (e. g.: A fluid moving through a pipe, two
phase tlow in a pipe, solid particles settling in a fluid).,

The Timits of the amount of charge that can be accumulated are due to the
clectrical conductivity of the system: i, e, to the rate of leakage of the
charge from the system,

The Tactors affecling charge accumulation and ignition hazard are:

a. Geometry of the system.

h. Flow characteristics,

. Blectrical properties of fluids and systems,
d. Nature and amounts of impurities,

BASIC CONCIEPTS

The basie concepts of static electricity generation and build up have heen
reviewed by Klinkenberg (15) and Loeb (17). The engineering applications

of Klinkenberg's study to other systems have heen reviewed by Saletan (27)
The concepts and applications that will be used in this report are summarized
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1. Rate of charge generation as a function of flow characteristics

is=1/2fHpe ;7 EEp U Z

where g

HRe

Streaming current - rate of flow of electrical
charge into the fluid (amp).

Fanning friction factor

Fluid Reynolds number

- Dieclectric constant of fluid

Eo - 8,85 x 10-14 amp, sec/volt em,

Q -

where T -

Q
Qo

Average fluid velocity (em/s),

Zota potential - the interface potential where
the charges are translferred (o the fluid, usuaily
0.01 - 1 volts.

Rate of charge leakage from a charged systen.,

Qo 2 :T_
EI’EU - relaxation time (5 time constant; see,)
o8
Total charge in fluid (Coul),
Total charge in fluid al some arbitrary time {Cout),

Time for charge to drop from Qo to @ (sec),

Flectrical conductivity of fluid (mho cm).
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3. Streaming potentiai.  The potential between the ends of a pipe which
a fluid is flowing and accumulating a charge.

Vs s p

where Vs - Streaming potential {volts).

I = Length of pipe (em).
2‘\

A - Cross seclion area of pipe (em4).

4. Encrgy of discharge,

1 L. A 9 1 EEyl {2
Boeg BRo 0 Vg8 4
where E  Energy of discharge (Joule).

IGNITION HAZARD

The minimum ignition energy for volatile organic solvents in oxygen is
0.2 m.j. (16).

Tournay ol al (30) have studied the susceptibility of liquid oxygen explosives
made [rom a solid adsorbent (90% or more activated carbon) soaked in
liquid oxygen, to electrostatic discharge. The most sensitive malerials
required more than 2 joules to initiate a detonation,

It can be safely assumed that at feast 0.2 m.j. and probably one or two
orders of magnitude above this value would be required to initiate @
detonation of liquid oxygen with a combustible material,

EFFECT OF THE GEOMETRY OF THE TRANSFER LINE

For the same flow rate

MRe - 1
i

)
where D diameter of the line (em)

proportionality siym,
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and U™ D
For laminar {low [ o 1_ :
NRe

For turbulent flow [ .~ (NRe)-0.2

since i ; [ Npo 7T EEo U Z
fs o n-2 - p-28
- _ 1 Egy1 2
since R= = 0
2 AT k2
and A= T D2
4

ExD-6 - p-6.8
RS

The energy of discharge would be decreased greatly by a slight increase
in diameter of the line. It would also decrease to a smaller extent by a
decrease in the length of the pipe. For very narrow lines, however, the
increased rate of charge leakage due to proximity to the wall would offset
the effect of decreasing diameter.

The Zeta potential (17) is a function of the thickness of the charged zone
at the interface where charge separation takes place, and therefore it is
a function of the velocily and flow pattern,
For the same fluid and geometry

Vg s f U2 7

The pressure drop (A P) is related to the velocity by (24) the refationship

A D e U2
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Bocquet et al (3) have shown that the ratio Vg, AP is independent of
the Reynolds number over a wide vanee.  This indicates that the change
of 7 with flow conditions is smali.

since for laminar flow [ o U~!

and for turbulent flow oo U“O' 2

i U - ul-®

revnant u vy

For turbulent flow and keroscie the streaming current was found experi-

mentally (15) to be proportional to ul. 75
R Ul - y3. 6

Decreasing the linear velocity of LOX would therefere decrease the
ignition hazard,

Two phase flow should be avoided as larger amounts of moving interphase
surfaces are available for rapid charge separation.

1. Sign of Charge

With water and with most other impurities LOX becomes negatively
charged. Since most fuels flowing through a transfer line become
positively charged, this increases the ignition hazard when pumping
LOX and fuel at the same time into missile tanks,

2. Grounding
Grounding the lines and tanks decreases the poiential between fluid

and walls and enables leakage of the charge from the fluid to the
ground.  Grounding, however, does not eliminate the ignition hazard

from the charged fluid,
3. Elecetrical Conductivity of 1LOX

Pure LOX is w very poor conductor.  Small amounts of polar impuritics

imcerease its conductivity considerably.  The hazardous range of electric

INC
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conductivities is illustrated by the following numerical example,

SAMPLE CALCULATIONS

A transfer line 8 ft. long, 4" i.d. is transferring LOX at a rate of 200 gpm.

At .002 poise (* - liguid viscosity.)
/-7 - 1.2 gm/cm3 {* - liquid density.)
D - 4x2.54=10,2 cm - pipe diameter

9 .
NRe = DU/ - 8.5 x 105

e
[ = 0.004 (**).
E = 1.5

Z 7 0.1 volt; estimated [rom ***,

l [ NRe 7TEEQ U Z - 1,23 10-8 4 mp

is

T EBo o on3zxaoB
k k

v, s 3,46 x 10~ voli
Ak Kk

[ I ERy 2 2.83 x 10°29
2 A k2 k2

' Reference 28
*Reference 24
YYErReforence 15




TABLE D-I1

EFFECT OF ELECTRIC CONDUCTIVITY
OF FLUID ON IGNITION HAZARD

‘7%/'? Boafwz; and (7 49:7(112’(1/4

k B T_ B 7 Vg 3 | E

Electric Conductivitly Relaxation Streaming Energy of

mho/cm,. Time Potential Discharge

mho/cm. sec volts m. j.

10-10 .00135 346 .283 x 107

10-11 . 0133 3460 283 x 103

10-12 133 34600 0263

10-13 .33 3.46 x 107 2.85

10-14 13.3 3.46 x 105 283

10-15 133 3.46 x 107 2.83 % 104

10-16 1330 3.46 x 108 2.83 x 106

Table D-1 shows the effect of the electrie conductivity of the fluid in the
fransfor system example. on the relation time (which cain be considered
as a criterion of charge leakage), on the streaming potential and energy
of discharge.  The hazardous range of conductivities is 10-11 - 10-15
mho/cm. At lower conductivities the relations nsed for the caleulations
do not apply as the number of charged particles, available in the system,
is not sufficient to generate the farge charge indicated by the equations.

EFFECT OF IMPURITIES
In a poor conducting fluid, the charge carrying particles are the small

amounts of polar impurities present in the liquid. Solid fmipurities have
an additional effect of generating statie charges at their surfaces if they
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are moving at a different velocity than the fluid.  The magnitude of the
hazard depends also on the nature of the impurity as a comustible impurity
in LOX can, by igniting, initiate a greater explosion than the electrical
discharge by itself.

A useful eriterion for the ignition hazard would be the electrical con-
ductivity of LOX, If more than one impurity is present, one impurity
can enhance or defeat the effect of another (15). Data are notl available
for the electrical conductivity of pure or impure LOX, Since pure LOX
does not generate a static charge (1, 20) it can be assumed that its con-
ductivity is smaller than 10-15 mho/cem,

An addition of 3 non-combustible, soluble, polar impurily al a concen-
fration of a few ppm may increase the conductivity of LOX to over 10~

of generation.  Such impurities will have to have low melting points, some
solubility in LOX and high polarity. NOg or SO3 may serve in this capacity.

EXPERIMENTAL WORK

Ebert and Hollman {(7) in a series of very careful experiments back in
19G0 showed that pure liquid dir does not generate o slatic charge. When
large amounts of solid 2 were added to the liquid air, no charge was
generated. Small amounts of ee caused w considerable negative charge
peneration by movement of the ice on the hquid surface. The ice ilself
hecame positively charged.

Work done in the Nationa! Bureau of Standards in 1560 (20) showed that
flow of pure liquid oxygen does not generate electrical charge and that
very small amounts of moisture in the LOX generated considerable
voltages. Solid pariicle contaminants generaged veltages of order of

many kilovolls,

Work done by Air Producis alse showed that pure Hguid oxypen does

not generate any charge.  LOX conlaining 2-3 ppm CO2 did not generate
any charge. LOX containing 200-300 ppmi CO2 gencerated 3000 volls in

3 hours. This may have been due to some contamination with water,

In most cases a negative charge was observed in the LOX., In some cases
a positive charee was observed.  The exact nidure of impurity causing
this effect was not established, Heading or cooling the coil in which the
charge was coneraded did not effect the rate of charge generation,

)
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CONCLUSIONS
1. Pure liquid oxygen does not generate an electrostatic charge.

2. Solid and dissolved impurities, particularly water, in the LOX cause
an electrostatic charge generation.

3. The hazardous range of imlmrity concentration is defined by electrical
conductivity of LOX of 10~11 = 10-15 mho/cm.

4, The charge build up increases with velocily and with decreased
diameter of the transfer line.

RE_C_OMI\_/IENDED PREVENTIVE MEAS’URE_S_

1. Ground all metal tanks and lines,

2. Maintain LOX f{ree of solid impurities and contamination with water,
3. Use lavge diameter tines and low velocities,

4. Monitor the eleclric conductivity of the LOX.

Increase the conductivity of LOX above 10-1! mho/em,

i
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APPENDIX |

CRYOGENIC LIQUID BATCH SAMPLIERS
OPERATING TECHNIQUES

AIR PRODUCTS AND CHUEMICALS, INC,

MODEL A3A

PRINCIPLE OFVOPERATIQN

The sampler is based on the common principle of trapping a known
volume of a cryogenic liquid within @ high-pressurve container and
allowing the liquid o vaporize lo a high-pressure gaseous sample
by normal heat leak, In the acquirimg of a sample the liquid to be
vaporized Lo the high-pressure gas sample is contained in the inner
cup. (See Figure E-1) By proper manipulation of the valves, the
entire container is filled with the tiquid being sampled.  There is,
therefore, a protective liquid blanket surrounding ihe sample liquid
in the inmer cup, which prevents vaporization or fractionation of the
trapped liquid.  This surrounding liquid blanket is removed at a
rapid rate (approximately 30 seconds duration) and the inner sample
vaporizes as stiated above,  This method of insutating the trapped
liquid by identical cold liquid is one of the unigue fealures of this
sampler (proprictary deveiopment - patent protection anticipated)
and allows it to obtain a more representative sample than would be
obtained by other "trapped liquid-vaporization techniques, "

SPECIFICATIONS

Casing size ~ 25 x 127 x §-3, 4"

Weicht - 30 pounds (including case)

Pressure Limits - Full vacuun {o 2000 psige,

Pressure Gauge - 0 to 2000 psip.

Pressure Cylinder - Type 304 Stainless Steel seamless pipe, Walls
0,237 thick., Pressure cylinder rated at 3000 psig,
Iach valve equipped with an 1800 psig rupture dise,
Valve seats and seals made of Kel=F.
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Valves - Brass.

Liquid Sample Size ~ 17.0 cubic inches.

Cylinder Displacement = Approximately 150 cubic inches.

Gaseous Volume (Oxygen) ~ 14, 500 cubic inches at standard conditions,

Final Sample Pressure (Oxygen) ~ 1300 psig,

SAMPLING INSTRUCTIONS

The sampling instructions are contained within the lid of the sampler
carrying case and are reproduced heic as Figure E-2,
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SAMPLE INSTRUCTIONS
D

1. Plice Opencd Combam 1oia Tipricht Positlon as tn the Above Sketch,
DO ROT BRI D THE VUi HOM SAMPLE CYLINDII,

2. Attaeh the Copprer Tabe Tigald Bediccetors (D) 1o Valves B) & (©). Tighten
the Deftectors so that they Point Overboarvd on the Left Hand Side of the
Container.

3. Using Appropriate Adapters Connect the Sample Line Between Bleed Valve
(I) & Sample Valve (A),

CAUTION: NEVER ATTEMPT TO SAMPLE A TANK OR SYSTEM
WO H BAS DO HAD A DLEED VALVE (F) ATTACHED
FOCTHE SAMPTE VALVE (G,

4. Tighien Ajl Staople Tine Coanections and Siowly Open Valve (A) Allowing
the Sampie Dine to be Pavecd throuph Valve (H

D, When 7O ot the Proccre Baotes Sampler hos heen Depleted, Close Valve
(1),

6.  Purpe Vadves (3) & 60 by Alternately Openbigr and Cloding these Valves
until the Reniniae e caee e Deplotod, Valves (B & (C) should be
Closoed At the Tasl of this Opecation,

T.  Open Valve (G). Open Valve (170 Valve (A) should be Open from Step 4,
the Sampler will Bovin to B0 walhy Diguid,

8. M Possible at this Vime, Peessarize Cryopente Tlguld Tank to Approxi-
mately HO-1) i

9. When Ligquid Startc o Flow Frow the Deflector on Valve (B) and Tt id
Folt o Heprosontative Sample bas heon Obtahieed, Perform the Following:
Valve Manlpaiations in Onlak savecssion,

A Clovse Ve (1)
o Ol Ve ()
coOpen Va0

10. When duicgaid Coases do Diow droan e Dy Hector oo Valve (C)-(Gas Shouald
SUTE R T eapinm ) Clo o Viabve {07,

1L, Using Paopor Decrantem 00 Provesd Poe "Bouroed™ by Cold Piping Open

Valve (B ) and b oo P Nk o).
12, Diceonnect the oo Croeoat Vot Gavban t Tey the Siopler Contidner
Faat (Tidoid U o i ;
1d, On W {1 ol foothe e ple G Shoui L Tudbeale o
|RE}
| oo ool Beesbaes | n

14, | { ! ]
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COSMODYNE CORPORATION

MODTL (S44

PRINCIPLE OF OPURATION

The Cosmodyne Cryocenic Sampler operates on the shielded cup
principle - that s, the Hquid itsell is used to cool a shielding space

and sampling cup priov to the introduction of fresh liquid to the sampling
cup.  Figure -3 is a schematic of the sampler's arrangement. 1t
consists of two cups located inside a pressure vessel with inlet) out-

tet and sampling valve localed as shown.  Accurate sampling requires
the inner-most cup to be precooled.  This is done by allowing liquid

to flow in the inlet port and between the shielding cup and sampling

cup with the sampling valve closed so that no liquid enters the sampling
cup. After the sampling cup is adequately cooled, the sampling valve is
opened o admit liquid into the cup. When the valve is reclosed, the
liquid is trapped in the sampler and will vaporize as a resull of atmos-
pheric heating,  Once the sample is Lrapped tie flow of liquid is shut off.,
Under ordinary conditions (70F environment), the sample will completely
vaporize without additionad heating in approximately {ifteen minutes,

Alter the liquid beconmes a gas, it can be analvzed by any one of several
conventional laboratory instruments,

SPECIFICATIONS

Casing Size - 87" x 87 x 17 14"
Weierhl - 20 1hs

Final Sample Pressurve - 500 psig
Malerial = Stainless Steel

Volume of Cyvlinder = 40V Titers

SAMPLING PROCEDURL

1. Pressurize Tquid tank as desired,

2. Remove ton of carryime case

3. Remove inlel and outlet caps

d Comect 127 1 Tme Trom Tiquid tank to saompler inlet,

Do Open Hiqud Lk ot et vl




83
9,
10.
11,
12,

Aor Prodeets and (Homicals

(Y4

Allow sampler to cool until steady flow of liquid appears.
Open sampling valve by turning handle at top of sampler until
it stops.

Close sampling valve.

Close liquid tank outlel valve.

Disconnect {ill line.

Repliace iniet and outlet caps.

Replace top of carrying case.

SAFETY PRECAUTIONS IN SAMPLER USE

Normal rules involving the safe handling of cryogenic liquids and/or
oxidants should be applied in the use of this sampler. Specific rules
for safe operation are listed below:

1.

In sampling cryogenic liquids, protect the body from contact with
the liquid or cold piping by using acceptable, approved gloves, a
hood and a hard hat, if necessary. If protection is not provided
for the face and eyes with a hood, a transparent face shield should
be worn,

The major hazard invoived in the use of this sampler is the possibility
of the operator inadvertently trapping cold liquid in a closed section

of piping.  This possibility is protected against by the use of safety
discs in the sampler itsell, Howcever, extreme care and caution should
be exercised in the handling and manipulation of the sample line and
associated piping to prevent trapping liquid in a closed line between

the sampler and the sampled tank . Before closing any valve betlween
the sampler and the sampled tank, the operator should assure himself
that liquid will not be trapped.

Normal care concerning smoking, open flames, static charges, ete,
should be exercised when sampling liquid oxygen,  Special care
should be exercised after the operator has been in prolonged contact
with oxygen vapor to assure that his clothing is well purged before
cexposing himsell to an area where open flames, static charges,
smoking, ete. might be prevalent,

]2})
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APPLENDIX F

ACETYLENE SPOT-CHECKING PROCEDURE

ANALYSIS

The acetylene content of the liquid oxygen is determined from the
color intensily produced by a chemical reaction with the acetylene,

The liquid oxyzen sample is poured into a tube which contains a
small amount of silica gel and which is held at liquid nitrogen
temperature. The gel and the liquid are well mixed, the sample
is decanted and the gel 1s immersed in a small amount of acetylene
test solution. The acetylene reacts with the solution to form the
red, copper acetylide, complex,

TEST EQUIPMENT

The test equipment consists of a 1 quart sample collection dewar
flask, a 1/2 pint wide-mouthed dewar flask, a rack for test tubes,

a test tube clamyp, a glass stirring rod, a dropping bottle, a reagent
bottle, six test tubes, color standards, chemicals. and silica gel

a. Dewar Flask, A once-quart Dewar flask (1) is used to obtain and
hold a Tiquid oxygen sample,

b. Test Tube Rack. A test tube rack (2) for holding the test tubes is
included. “Slore the tubes in the carrying kit.

¢. Test Tube Clamps A wire hand clamp (3) holds the cold test tube
to p{‘éw:nl liquid oxygen burns,

d. Test Tubess There a six six-inch pyrex tubes (4) calibrated at
the 3 ml and 20 ml levels

¢. Dropping Bottle, This bottle {5) is used to add drops of the hy-
droxylamine hydrochloride to the test tube.

[, Wide-Mouthed Dewar Flask,  The test tube sample is supported
in this '1‘ 2 pint Mask (6) by the test tube clamy during the test.
It contains the liquid nitrogen used in sub-cooling the sample,

. Carrying Kit. The wooden or metal kit (7) is fabricated for
convenienl carrying of the testing apparatus.
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h. Test Solution Addition Bottle. This bottle is used for simple
and accurate reagent addition (8).

i. Color Standards and Comparator Rack, (9)

i. Glass Stirring Rod. The glass stirrving rod (10) is used to mix
the liquid oxygen samiple with the silica gel.

ACETYLENE TEST SOLUTION

Prepare the test solution as follows:

Step 1. Add one gram of soluble starch {o 10 ml of distilled
water and stiv to form a thin paste. Pour paste into

200 ml of boiling distilled water and stir.  Allow to
cool,

Step 2. Dissolve 5 grams of copper sulfate (CuSC4 - 5H90) in
a one liter volumetric flask.

Step 3. Add 50 m! concentrated ammonium hydroxide (Specific
Gravity at 60° /60°F - 0,900; Assay 28,47, NI3) lo the
copper sulfate solution,

Step 4. Add the starch solution prepared in Step 1 to the copper

ammonia solution and dilute 1o the one Titer mark with
distilled water. Store in the test solution addition

hottle (8).
NOTE: This acetylene test solution has a deep blue coloration,
HYDROXYLAMINE HYDROCHLORIDE SOLUTION

Dissolve 36,0 ¢rams of hydroxylamine hydrochloride in 100 ml of
distilled water and store in the 4 oz, polyethylene dropping bottle (5).

TEST PROCEDURE

Purge the sample Tine before procuring a liquid oxygen sample,
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Precool the one quart Dewar flask by Tilling it with liquid oxygen
from the sample Line. Allow fo stand about one minule.  Discard
contents of Dewar and refill from sample line.

Use a clean, dry 150 mm by 20 mm Pyrex test tube calibrated at
the 3 ml and 20 ml levels o perform the test.

Add 1/4 ml1 {0.3 grams) of the silica gel powder {o the test tube,
and slowly immerse the fest tube into the wide-mouthed dewar
which has previously been filled with Tiquid nitrogen.  Using the
test tube clamp as a "rest™ on the edge of the dewar, support the
test tube in an upright position so that the level of Tiquid nitrogen
is at or slightly above the 20 mI mark on the tube. Pour the lquid
oxygen sample from the sample collection dewar into the subcooled
test tube to the 20 ml mark.

Slo\x;ly immerse the glass stirring rod into the hquid nitrogen in

the dewar until it is cooled. Remove the stirring rod and immerse
it in the liquid oxygen sample in the test tube and stir for one and one
half to two minutes, In stirring alttempt to bring all of the liquid in
the tube in contact with the gel.

After stivring the required time, remove the stirring rod from the
tube and allow the gel to settle to the bottom (approx. 5 seconds).
Remove the sample tube from the liquid nitrogen bath and pour out
(decant) all of the liquid oxygen, being careful to keep the gel in the
hottom of the tube.,  As quickly as possible, add the acetylene test
solution from the test solution addition bottle to the 3 mb mark.

When the solution has warmed to ambient conditions, add exactly 12
drops of the hydroxylamine hydrochloride solution, and allow the
test tube to stand Tor 15 minutes for full color development.

The appearvance of any pink or red color indicates the presence of

acetylene. Compare any color developed with the standards 1o

determine the acetylene concenteation.
PREPARATION OF COLOR STANDARDS

1.0 Molar PPM Color Standard - Add 2.0 ml concentrated hydro-
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chloric acid (Specific Gravity at 60° /60" F - 1.191; Assay 37. 7% HCl}
to 150 ml distilled water in a beaker and stiv.  Add the following
accurately weighed quantities of Cobaltous Chlovide, Hexahydrate;
Cupric Sulfate, Pentahydrate; and Ferrie Chloride, Hexahvdrate

to the beaker.

CoCl2 - 6H90 - 10.00 gms
CuSO4 - HH20 -  2.00 ¢gms
FeCly « 6120 -  0.30 gms

Stir until dissolved and quantitatively transfer to a 200 ml volumetric
flask, Dilute to the mark with distilled water and shake well,

Add about 15 ml of this solution to a 150 mm by 20 mm Pyrex Test
Tube and scal. The color and color intensity when viewed from the
side of the tube against a white background is essentially equivalent
to that produced by liquid oxygen containing 1 ppm acetylene when
tested in accordance with the above procedure.

0,25 Molar PPM Color Standard - Add 2.0 ml concentrated hydro-
chloric acid (Specific Gravily at 60°/60°F  1,191: Assay 37.7%
HCI) to 150 ml distilled water in a beaker and stir.  Add the
following accuralely weighed quantities of Cobaltous Chloride,
Hexahydrate; Cupric Sulfale, Pentahydrate; and Ferrie Chloride,
Hexahydrate to the beaker,

CoClg - 6HH90 1,90 gms
CuSO4 - 5H90 1,30 gms
FeClg - 6H20 0,20 gms

Stir until dissolved and quantitatively transfer Lo a 200 m! volumetric
flask, Dilute to the mark with distilled water and shake well,

Add about 15 ml of this solution to a 150 mm by 20 mm Pyrex Test
Tube and seal. The color and color intensity when viewed from the
side of the tube against a white background is essentinlly equivalent
te that produced by ligquid oxygen containing 0,25 ppm acetylene when
tested in accordance with the above procedure.,
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8. SPARE PARTS

Spare parts, spare parts lists, and prices arve available from the
Spare Parts Department.

9s ADDITIONAL COLOR STANDARDS

Scaled tubes of color standards equaling 0.1, 0,25, and 0. 50 ppm
acetylene by weight for use in compliance with Air Force pro-
pellant oxygen and nitrogen specifications are available from the
Spare Parts Department of Air Products, incorporated. The

1.0 ppm and 0. 25 ppm color standards described in paragraph
seven {7) above are prepared as molar concentrations.
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